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Abstract 
 
Plant root architecture is regulated by the formation and function of meristems at the sites of 
root organogenesis. Meristem formation requires the generation of stem cell niches which 
produce the new cells of the growing organ.  microRNAs (miRNAs) have emerged as 
regulators of many key biological functions in plants including root organogenesis. To 
identify key miRNAs involved in root meristem formation in M. truncatula, deep sequencing 
was used to compare the miRNA populations between root tip (RT), containing root apical 
meristem, and elongation zone (EZ) tissue plus root forming callus (RFC) and non-root 
forming callus (NRFC). We identified 83 previously reported miRNAs, 24 new to M. 
truncatula, in 44 families. Functional analysis was performed on two of these predicted 
miRNAs, miRN304 and miR166g-5p. Over-expression of novel miRNA, miRN304, 
produces severe root abnormalities including stunted growth, loss of meristem structure and a 
poorly formed vasculature.  mtr-miR166a-5p corresponds to the passenger strand of 
miR166a-3p, a miRNA previously shown to negatively regulate lateral root and nodule 
numbers. miR166a-5p over-expression results in increased nodule numbers and acts 
independently of miR166a-3p and may be a previously un-identified. 
1 General Introduction 
 
The first microRNA (miRNA), lin-4, a regulator of C. elegans development  was discovered 
in 1993 (Lee et al., 1993, Wightman et al., 1993).  Until that time the accepted dogma was 
that genes encoded mRNA which, in turn encoded proteins.  Although it was demonstrated 
that lin-4 acted by negatively regulating lin-14, no start or stop codon could be identified. Nor 
did multiple attempts to create a lin-4 null mutant by introducing changes into the ORF 
produce phenotypic differences. Moreover, short lin-4 transcripts approximately of 22 and 61 
nt were detected using Northern blot. On the basis of these finding, the authors correctly 
reasoned that lin-4 encoded a non-protein coding, small RNA regulatory molecule that 
negatively regulated gene expression through RNA – RNA binding with a target mRNA (Lee 
et al., 1993). It was not until 2000 that a second miRNA, lin-7, also in C.  elegans , was 
discovered (Reinhart et al., 2000). Unlike lin-4, lin-7 was found to be highly conserved across 
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a wide range of animal species including humans (Pasquinelli et al., 2000). The same year, 
work in Drosophila showed that miRNA/mRNA binding could induce target cleavage 
(Sytsma et al., 2002).   In 2002 the first plant miRNAs were discovered when Reinhart et al  
(2000) described multiple forms in Arabidopsis.  
Those early discoveries encouraged further studies and the field of miRNA research 
expanded rapidly. This occurred to such an extent, that the latest release (v.21 of June 2014) 
of miRBase, one of the data repositories for miRNA, contained 28645 confirmed or predicted 
miRNAs. (Griffiths-Jones, 2004). Apart from miRNAs many other non-protein coding small 
RNA molecules have been identified. Major classes of these include small interfering RNA 
(siRNA) and trans-acting siRNA (ta-siRNA) which act not only post-transcriptionally, but are 
also epigenetic regulators through chromatin modification.  
A major role of miRNA in plants are contribution to development. The formation of each 
plant organ studied has implicated miRNAs in their development in addition to seed 
production and embryogenesis. The characteristics of plant organs are central to agricultural 
productivity. While grain, fruit and vegetable yields are heavily dependent on the availability 
of water and nutrients, the genetic mechanisms underpinning the number and size of these 
structures is fundamental. This is evident in many species where historic selective breeding 
has resulted in manifold increases in crop yields with little change in nutrient availability, a 
fact well demonstrated when comparing the relative size and numbers of ears of modern 
breeds of maize and its wild ancestors (Gutjahr et al., 2008, Banba et al., 2008). The ‘Green 
revolution‘ of last century took these improvements further by modifying the plants 
immediate environment through the application of artificial fertilisers. This went a long way 
to overcoming the previous major limiting factor of yield - that of nutrient availability, in 
particular the availability of nitrogen. The ‘Green Revolution’ has improved crop yields 
markedly and has kept pace with and even exceeded the requirements of a rapidly growing 
global population. Indeed it has been estimated that close to three billion of the people alive 
today owe their existence to this leap in agricultural technology (Smil, 2002).  
These achievements, however, have not come without cost. Continued use of nitrogen based 
fertiliser has strong negative effects on soil and water quality as well as being a powerful 
producer of greenhouse gases.  The production of nitrogen based fertilisers is also energy 
intensive and relies on fossil fuels at a time when competing interests are putting increasing 
cost pressures on supply and by extension of on the cost of food production. 
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This presents a number of emerging problems. The degradation of agricultural land through 
use of fertilisers means a potential decline in food production and affordability at a time when 
the global population not only continues to increase but is also seeking to increase the 
nutritional value of its food consumption particularly in relation to protein intake.  
One way the later problem has been addressed, particularly in Asia, is through the increased 
cultivation of legumes crops. Many of these species, such as groundnut (peanut), soybean, 
chickpea and lentils have been major contributors to the elimination of famine in this region. 
Additionally, when legumes are grown in nitrogen limiting conditions they are able to form a 
symbiotic relationship with soil dwelling bacteria known as rhizobia. The rhizobia and plant 
exchange chemical signals inducing changes in the plants root system enabling the bacteria to 
enter the root and culminates in the formation of a new organ – the root nodule. Residing 
within the nodule the bacteria fixes atmospheric N2 into a form that can be utilised by the 
plant. In exchange the plant acts as a source of carbon for the bacteria.  This relationship 
reduces the need for fertilisation with artificial forms of nitrogen.    
An understanding of how miRNAs contribute to the process of legume organogenesis is 
therefore critical to understanding the factors dictating legume architecture. This chapter 
looks firstly at the progress of modern agriculture and the role of artificial fertilisers, 
particularly nitrogen based compounds, on the growth of global food production and the 
pitfalls associated their production and application. Legumes are examined in the context of 
agricultural providers of protein and in regard to their ability to circumvent the need for large 
scale nitrogen fertilisation. The emphasis here is on the later. In the final section miRNA are 
introduced, firstly by explaining their mechanism of action and then by presenting the current 
knowledge of their role in root organogenesis.    
The aim of this thesis is to discover and investigate miRNAs involved in root organ 
development. To this end, subsequent chapters elucidate and functionally examine miRNA 
involved in M. truncatula root organogenesis. In Chapter Three the results of deep 
sequencing the small RNA component of root tip, elongation zone and auxin or 
auxin/cytokinin treated explant tissue are presented. Relative expression levels of conserved 
miRNAs are revealed as well the prediction of many novel miRNA. Over-expression of one 
of these novel miRNA, miRN304, produces a severe root retardation phenotype which is 
examined in detail in Chapter 4.  Deep sequencing revealed mtr-miR166a-5p to be amongst 
the most abundant sequences recorded. Previously unexamined, mtr-miR166a-5p corresponds 
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to the passenger strand of miR166a-3p, a miRNA previously shown to negatively regulate 
lateral root and nodule numbers. In Chapter 5 it is shown that miR166a-5p over-expression 
results in increased nodule numbers and acts independently of miR166a-3p.  
 
1.1 Modern agriculture is underpinned by nitrogen based fertilisers 
 
A significant proportion of the Earth’s population is sustained directly as a result of food 
crops grown with the application of synthetic nitrogen based fertiliser.  However, nitrogen 
based fertiliser application comes with significant and accumulating environmental problems. 
Additionally, manufacture of nitrogen based fertilisers requires the input of ever depleting 
fossil fuels and therefore production cost is heavily linked to global energy markets.  Despite 
these problems, maintaining output of the current crop mix at lower nitrogen fertiliser levels 
is not an option as the subsequent reduction in yield would likely result in a spike in food 
prices creating health social problems such as increasing malnutrition, poverty and political 
tensions. In order to maintain nutritional output, the crop mix needs to change to those 
requiring less nitrogen fertiliser.  This could be achieved through substituting a portion of the 
current crop with those requiring less nitrogen fertilisation or modifying heavily planted 
crops such as wheat, rice, maize etc to lessen the need for artificial fertilisation.  
This initial section provides a brief overview of the current state of modern agriculture under 
the influence of nitrogen based fertilisers.  It illustrates the reliance humans have developed 
on nitrogen fertilisers and the environmental and economic consequences of this. The 
intention of this section is to provide a backdrop to section 1.4, which looks at legume crops 
as an alternate to those requiring nitrogen fertilisation through their ability to form nitrogen 
fixing nodules. 
 
1.2 Crop fertilisation and the ‘Green Revolution’ 
 
The burgeoning world population seen throughout the second half of the twentieth century   
(a 240% increase from 1950 to 2000) correlated with a period of expanding agricultural 
output when the average global cereal yields tripled (Trewavas, 2002). This period, often 
referred to as the ‘Green Revolution’ was facilitated by many contributing factors, not least 
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improved cultivars, pest and disease control and political reforms. The largest contributor to 
the increase in yields, however, has been the application of nitrogen based fertilisers which 
overcame nitrogen availability as a major limiting factor for plant growth. This practise arose 
during the mid-nineteenth century when the application of nitrate based  fertilisers obtained 
from guano (also a source of phosphates) and sodium nitrate (NaNO3) had a marked effect on 
crop yields (Melillo, 2012). The wide scale use of natural sources was later supplanted by the 
production of synthetic nitrogen based fertilisers via the Haber–Bosch process.  This process 
combines atmospheric N2 with hydrogen, derived from hydrocarbons, at high temperature 
and pressure to form reactive nitrogen species, largely in the forms of ammonia, ammonium 
nitrate, and urea (Evans, 1998). 
As this process directly utilises Earth’s most abundant atmospheric compound N2, the 
historic cost of production has been low and usage of nitrogen derived from this process has 
increased to such an extent that it currently exceeds that of the biological nitrogen cycle 
(Trewavas, 2002).  Today nitrogen fertilisers account for 60% of world fertiliser usage with 
phosphate (P2O2) and potash (K2O) accounting for 23% and 16.5% respectively (Olsson et 
al., 2004).  The ability to increase crop yields at a higher rate than population expansion has 
maintained or increased the nutritional input across most of the globe.  The Green Revolution 
has seen greatest benefit in the developing nations of Asia where famine has been largely 
eliminated. Today famines are confined to of sub-Saharan Africa, a region where the new 
agricultural practises of the Green Revolution were least adopted and farm productivity is 
still low. Despite the trebling of global cereal production, only a minimal requirement for 
additional land has had to be given up for agriculture (Chrispeels and Sadava, 1994). It has 
been estimated that 18 to 27 million hectares have been spared from cultivation as a result 
(Stevenson et al., 2013). It has also been estimated that about 40% of today’s global 
population could not survive without the advances of the Green Revolution (Smil, 2002). 
1.3 Environmental cost of synthetic nitrogen fertilisation 
 
Anthropomorphic nitrogen  sources, including nitrogen dioxide (NO), nitric oxide (NO2) and 
ammonia (NH3), are created through various human activities;  burning fossil fuels, biomass 
burning, animal waste generated through agriculture  and industrial processes (Lee et al., 
1997, Bouwman et al., 1999) . Around 70% of human produced nitrogen used in agriculture 
is derived from the Haber-Bosch process with the remainder coming from nitrogen fixing 
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crops (Smil, 2004). On an annual basis only ~29% of total human introduced nitrogen is 
converted to human or animal food,  while ~42% is lost to the atmosphere and aquatic 
environments (the reminder existing mainly  as manure or crop residues) (Smil, 2004, Smil, 
1999, Galloway et al., 2003) 
Levels of nitrogen have a strong effect on soil pH.  Plants assimilate nitrogen primarily in the 
form of nitrate (NO3-). This is derived through nitrification of NH3 by soil based ammonia-
oxidizing bacteria and ammonia-oxidizing archaea.  Nitrification is the process of oxidation 
of NH3 to ammonium (NH4+) then to nitrate (NO2-) and finally to (NO3-).  Nitrification of 
both NH3 and NH4+ results in the release of H+ increasing soil acidity: 
NH3 +2O2 → H+ + NO3- + H2O  (nitrification of ammonia) 
NH4NO3 + 2O2 → 2H+ + 2NO3- + H2O  (nitrification of ammonium) 
Without nitrogen addition, acidification is neutralised by the assimilation of NO3- by plants 
and bacteria, a process which in itself increases soil alkalinity either directly or through the 
return of plant tissue. Thus, normal biological nitrogen levels are maintained (Barak et al., 
1997).  Various human practises have, however, disrupted this balance and increase soil 
acidity.  
 A portion of the neutralising alkalinity derived from NO3-  assimilation resides in the aerial 
portions of the plant. Thus, harvesting removes a portion of the alkaline material which 
otherwise replenish soil cation levels.    
Leaching of NO3-  reduces the amount of H+ which can be neutralised by the NO3- 
assimilation process.  Leaching increases significantly after several years of nitrogen addition 
further increasing soil acidity (Magill et al., 1997, Peterjohn et al., 1996). Application of 
inorganic nitrogen results in a progressive raising of soil acidity.  Zhang et al. (2008) 
calculated a 0.07 – 0.12 reduction in soil pH per year with continuous nitrogen based 
fertiliser application over 15 years and Dai et al (1998) found a 1.0 pH decrease over a 35 
year period.  Inorganic nitrogen has been shown to inhibit the soil carbon cycle, a process 
essential to productive crop growth (Neff et al., 2002, Du et al., 2014). Leaching of excess 
nitrogen into water ways can cause acidification, eutrophication and subsequent hypoxia of 
lakes and rivers (Rabalais, 2002). Elevated nitrate levels also pose a risk to human health.  
Nitrate in ground water is converted to nitrite in the body which at elevated levels can lead to 
methemoglobinemia  (a condition that retards the oxygen carrying capacity of blood) and has 
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been linked to cancers and thyroid disorders (Majumdar and Gupta, 2000, Follett and Follett, 
2001)  
Environmental levels of atmospheric reactive nitrogen species in the forms of gaseous NO, 
N2O, NH3 and NH4+ are all increased, largely through volatilisation , as a result of 
agricultural activities. N2O remains in the atmosphere for approximately 100 years and is 
increasing at a rate of ~ 0.25% annually  (Prather M, 2001).  Global N2O emissions have a 
298 fold greater global warming potential than those of CO2 and contribute to stratospheric 
ozone depletion (Valdes et al., 2012, Forster P et al., 2007). Conversely, atmospheric NO, 
NH3 and NH4+  are redistributed across all of Earth’s soil environments very quickly as they 
generally remain in the atmosphere for no more than a few days before re-deposition 
(Galloway et al., 2003). Re-deposition of airborne  reactive nitrogen species leads to higher 
levels of nitrification of ammonia and ammonium resulting in increased soil acidification (Lu 
et al., 2014, Van Breemen et al., 1984). This effect is not limited to cultivated land. Airborne 
reactive nitrogen species can also affect  forested areas in both temperate and tropical regions 
resulting in forest decline (McNulty et al., 1996, Boxman et al., 1998). 
 
1.4 Economic cost of synthetic nitrogen fertilisation 
 
There has been a strong correlation between growth in global cereal production and fertiliser 
consumption since 1960 (Stewart and Roberts, 2012). By 2050 the world’s population will 
reach 9.2 billion, a 28 % increase on current levels (2014). Not only will food production 
need to increase to meet rising demands but the nature of production is posing new problems 
as the demand for protein in diets, particularly in developing nations is expected to double in 
this time. Global demand for all agricultural production is predicted to rise 60% 
(Alexandratos and Bruinsma, 2012). While the overall growth rate of fertiliser consumption 
is expected to slow during this period, projections, nevertheless, show a rise from 166 million 
tonnes in 2006/2007 to 263 million tonnes by 2050 (Alexandratos and Bruinsma, 2012).  
At the beginning of 2007 the price of fertiliser increased markedly. This was linked to the 
escalating cost of crude oil putting price pressure on natural gas, a principal component of the 
Haber-Bosch process - the production of fertiliser using the Haber-Bosch process uses 1-2% 
of the world’s total energy production (Tanabe and Nishibayashi, 2013). The rise in oil prices 
also accelerated the production of biofuels reducing global grain manufacture by about 5% as 
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arable land was given over for ethanol production.  The high cost of oil also drove up cost of 
farm production which was reflected in food prices. This coincided with a series of ‘food 
riots’ in over 30 countries as prices of many staple cereals and grains doubled. Similar riots 
re-occurred in 2010-2011.  Although multiple factors are attributable causes of these riots, 
not least loss of food sovereignty, climatic conditions and transport costs, there was, and still 
is, a strong correlation between the global cost of nitrogen fertilisers and food prices (Figure 
1.1). Therefore the reduction of nitrogen fertilisers without loss of yield can be a significant 
driver in the establishment of food security.  This is reflected in the comparative effects of 
recent price increases between leguminous and non-leguminous crops. The increase in 
production costs for soybean (16%) during this period was substantially less than that of 
wheat (27%) or maize (34%) (Babonis et al., 2011). Studies on the effect of nitrogen based 
fertiliser on yield showed that removal of fertiliser on non-leguminous crops in temperate 
climates resulted in an average yield reduction of 26% (41% for maize) while having no 
effect on yields of soybean and peanut  (Stewart and Roberts, 2012). For crops grown in 
tropical soils, the reduction in yield of non-leguminous crops  is commonly as high as 90% 
(Valdes et al., 2012). Nitrogen fertiliser costs continues to grow at 2% per year (Stewart and 
Roberts, 2012, Olsson et al., 2004). This is increasingly likely to become a limiting factor to 
crop yield if price pressures on fossil fuels continue. This is demonstrated by the fact the 
Brazilian soybean crop, exceeded in yield only the US crop, and supplied with nitrogen 
through BNF, would be unprofitable with even modest (30 kg ha-1) nitrogen addition. To 
match recent yields without BNF would require fertilisation at 200 kg nitrogen ha-1 and cost 
US$ 1.8 billion per season (Hungria et al., 2006).  
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Figure 1.1 Global food prices correlate with synthetic nitrogen fertiliser prices. The cost of synthetic fertilisers used as sources of agricultural nitrogen shows a strong correlation with global food prices. Periodical peaks in the cost all five nitrogen based fertilisers have largely corresponded with the food price index.  An over four fold increase in fertiliser price since 1990 is contrasted with a doubling of cost between 1960 and 1990 (not shown). Sources: (USDA, 2013, FAO, 2014) 
 
  
 
 
 
1.5 Legumes  
 
The cultivation of legumes represents one of the earliest human domestications and dates to 
Neolithic times.  Archaeological digs have found evidence of prehistoric legume cultivation 
on all inhabited continents except Australia (Jia et al., 2013). Knowledge of legumes as an 
integral part of crop rotation or as green manure has been known at least since the ancient 
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Roman era (Burdisso et al., 2012). Today, approximately 19,000 species of the legume family 
(Leguminosae or Fabaceae) have been identified (Laubinger et al., 2008). Legumes are used 
as source of human and livestock nutrition, edible oils, agroforestry and as a forage crop.  
The model legume and forage crop, Medicago truncatula, the subject of this thesis, shares 
highly conserved synteny with many agriculturally important cool season legume crops 
including alfalfa, pea, bean and lentil (Kumar et al., 2012). M. truncatula has a small diploid 
genome and short generation time, making it an optimal organism for the study of the 
molecular events involved in root organ development particularly nitrogen fixing nodules. 
The initial portion of this section introduces legumes as agriculturally important crops both 
for their nutritional value and their BNF ability. Next, the molecular events underpinning 
both root and nodule formation are discussed. Finally, we look at the over-lapping pathways 
between rhizobial and mycorrhizal symbiosis which suggests that many molecular 
components required for bacterial nitrogen fixation (BNF) are already present in non-nodule 
forming plants.  
1.5.1 Legumes – High protein crops  
 
Due to their high protein content relative to other major food crops legumes have become the 
major protein source for a major proportion of the world’s population. This is particularly the 
case in emerging economies where economic, sustainability and climatic conditions prevent 
meat production on a scale required to meet the protein needs of large and growing 
populations. Inadequate dietary protein intake leads to protein energy malnutrition (PEM) a 
leading cause of early childhood mortality. PEM can also lead to stunted growth, mental 
retardation and muscle wastage engendering continued health and social problems, 
particularly in the poorest nations. Efforts to improve nutritional standards have commonly 
adopted legume food stuffs as rich, inexpensive and easily cultivatable source of protein 
(Oluwole and Kosoko, 2013, Duvenage et al., 2013). Grain legumes contribute 33% of 
human dietary protein intake (Iki et al., 2010). The largest proportion of nitrogen traded 
globally goes toward the production of animal feed (Lassaletta et al., 2014). This is an 
inefficient source of protein as just 12% (average) of plant protein is converted to animal 
protein (Bouwman et al., 2013). A partial substitution of animal protein with that of plant 
protein and would enable a more efficient and economical approach to food sustainability.  
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1.5.2 Legumes – Nitrogen fixers 
 
The symbiosis between legumes and rhizobia results in BNF, a process that fixes N2 into 
NH3 which is supplied to the plant and converted to other forms of organic nitrogen. 
Nodulation only occurs when there is insufficient usable nitrogen supply in the soil (see 
Figure 1.2 for a description of the environmental nitrogen cycle).  This process not only 
reduces the need for synthetic nitrogen application but also reduces nitrogen depletion and 
acidification of the soil, relative to nitrogen fertilisation.  Although BNF processes exist in 
non- leguminous agricultural systems, the major contributors to BNF, out of an annual total 
of 50-70 Tg, are forage/fodder legumes (12-25 Tg) and crop legumes (21 Tg).  Although 
synthetic nitrogen sources still make up the majority of fixed atmospheric N2 used in 
agriculture, a greater appreciation of the environmental and financial benefits legume 
cropping has increased in recent years.  For example, the combined soybean crops of 
Argentina and Brazil doubled between 2000 and 2005. This contributed an annual  8 Tg of 
N2 fixation, representing 37% of total global crop legume N2 fixation on 2005 levels 
(Herridge et al., 2008).  Increased yields in soybean  have resulted in a rise in the proportion 
of global BNF from 5% in 1961 to almost a third today (Lassaletta et al., 2014). The 
efficiency of nitrogen addition using BNF compared to synthetic sources is well 
demonstrated when the processes are combined.  The application of nitrogen fertiliser can 
decrease the contribution of BNF by as much 50% without little gain in yield (Hungria et al., 
2006). Crop rotations incorporating legumes not only increase soil nitrogen but the periodic 
removal of grain crops allows for a breaking of pest and disease cycles which would 
otherwise persist in the agrisystem without species diversification.  
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Figure 1.2 Representation of the environmental nitrogen cycle. Nitrogen enters the terrestrial ecosystem through abiotic (atmospheric) and biotic (decomposition) sources.  Although some atmospheric nitrogen is converted to reactive nitrogen by lightning, the majority is fixed directly in the root nodules of rhizobia symbionts or is processed into NH4+ by free living soil bacteria. NH4+ is then further nitrified by soil bacteria until it reaches a form (nitrates or nitrites) which can be assimilated by plants. Decaying organic material is converted to NH4+ by decomposing organisms such as aerobic, anaerobic bacteria and fungi. Denitrifying bacteria releases gaseous N2 back into the atmosphere.
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1.6 Nitrogen fixation – Types and species 
 
Obtaining nitrogen through bacterial symbiosis is not exclusive to legumes.  Varieties of soil 
dwelling bacteria, collectively known as diazotrophs, encode nitrogenase and are capable of 
fixing N2.  Frankia sp. members of soil actinomycetes form symbioses with at least  220 
species across eight families and are collectively known as actinorhizal plants (Wall and 
Berry, 2008, Pawlowski and Bisseling, 1996).   Parasponia species of the family 
Cannabacae can, like legumes, form nodule forming symbiosis with rhizobia (Sytsma et al., 
2002). A number of C4 grasses  form symbiotic relationships with nitrogen fixing bacteria 
without nodule formation, either through close association with the roots within the 
rhizosphere (associative nitrogen fixation) or by inhabiting internal plant tissue (endophytic 
nitrogen fixation) (Thompson, 2004, Banba et al., 2008).  Several cyanobacteria species form 
a nitrogen fixing symbiosis, without nodule formation, with a wide range of plants (reviewed 
in Santi et al, 2013). Associative and endophytic nitrogen fixation are providing crops 
increased nitrogen supply (although to a lesser extent than legume nitrogen fixation) 
particularly in sugar cane, a C4 grass, which utilises endophytic nitrogen fixation, via 
azotobacteria sp, and has recently become a significant contributor to total agricultural BNF 
(Santi et al., 2013). Non- nodule associated BNF has also been reported in rice, maize and 
wheat (Muthukumarasamy et al., 2005, Riggs et al., 2001).  It should be noted that, although 
a variety of mechanisms are utilised by plants to fix nitrogen, the most efficient process so far 
examined is through rhizobial associated nodulation.     
1.7 Nodulation overview 
 
All plants require the acquisition of nitrogen for growth. Nitrogen gas (N2) makes up the bulk 
(78%) of the planet’s atmosphere.  This form, however, it is not directly available to plants as 
eukaryotic cells lack the ability to catalyse the reduction of N2 to metabolisable NH3 
(ammonia). Plants can extract and utilise nitrogen from soil, where it exists as nitrogen 
compounds (principally nitrate and ammonium).  Many soils are, however, nitrogen poor and 
stores can quickly be depleted. Low nitrogen availability can profoundly affect the 
architecture, and therefore crop yield, of land plants by lowering the shoot/root ratio as 
biomass is re-allocated to the roots (Kruse et al., 2002). In order to overcome nitrogen 
limitation, legumes have developed the ability to fix atmospheric nitrogen through root 
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nodulation. Formation of legume nodules requires the establishment of a symbiotic 
relationship between the plant and soil dwelling bacteria collectively known as rhizobia 
(including the genera Azorhizobium, Allorhizobium, Bradyrhizobium, Mesorhizobium, 
Rhizobium and Sinorhizobium). Rhizobia are able to catalyse the reduction of N2 into NH3 
employing an enzyme complex known as nitrogenase. This symbiosis is formed in response 
to poor soil nitrogen availability. Nitrogen deficient roots secrete chemical signals, 
principally flavonoid compounds, into the surrounding rhizosphere (Redmond et al., 1986a, 
Phillips and Tsai, 1992). Perception of these compounds results in the activation of the 
transcription factor NodD in the bacteria and the subsequent activation of specialised genes 
known as nod genes.  These encode enzymes which synthesise lipochitin oligosaccharides 
(nod factors) (Spaink, 2000). Rhizobia also respond by moving toward the signalling roots, 
dividing and, in turn, secreting Nod factors to activate nodulation pathways in root epidermal 
cells. This ultimately causes root hairs to curl around the bacteria which are then translocated, 
via an infection thread, to the site of nodule formation. Formation is initiated concurrently 
with Nod factor perception and begins with the formation of a nodule primordium. Cortical 
cells opposite the protoxylem poles undergo dedifferentiation and rapid division and, in the 
case of indeterminate nodules, (for M. truncatula nodule description see section 1.8), form 
the basis of the nodule meristematic region (Calvert et al., 1984, Spaink, 2000) which is 
derived from cells of the middle cortex (Xiao et al., 2014) . As the primordium grows, 
infection threads containing dividing bacteria extend towards it. Cortical cells at the base of 
the nodule encase the bacteria through endocytosis but keep it isolated from the cytosol by 
the formation of a symbiosome membrane across which metabolites are exchanged (Udvardi 
and Day, 1997, Puppo et al., 2005). The bacteria then differentiate into bacteroids and begin 
reducing N2 to NH3 and then the amino acid glutamine (Roth and Stacey, 1989). It is in this 
form that nitrogen is transferred to the plant (Ferguson et al., 2010). 
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1.7.1 M. truncatula root nodules 
 
In M. truncatula nodules contain a persistent meristem and are thus indeterminate (Sutton, 
1983). Mature indeterminate nodules contain four principle zones (Zone I-Zone IV); Zone I 
at the tip contains the undifferentiated cells of the meristem and allows for continuous nodule 
growth. Zone II contains the region where bacteria are released from the infection threads. 
Zone III, contains the symbiosome enclosed bacteroids and is the site of N2 fixation. Zone 
IV, the senescence zone, develops towards the end of a nodule’s functional period and is the 
site of bacteroid degeneration.    
 
1.7.2 Genetic control of nodulation 
 
 The molecular mechanisms underlying nodulation formation have been well studied but are 
yet to be fully understood. Nod factors are perceived by root hair emerging from epidermal 
cells through interaction with receptor like kinases (in M. truncatula; MtLYK3 /MtLYK4 and 
MtNFP), membrane associated proteins with extracellular LysM domains and an intracellular 
kinase domain (Madsen et al., 2003, Arrighi et al., 2006). Nod factor binding initiates 
downstream signalling resulting in rapid Ca2+ influx in the epidermal nucleus followed by 
Ca2+ oscillations (calcium spiking) in the nucleus (Wais et al., 2000). Ca2+ influx requires 
activation of the nuclear membrane potassium ion-channel protein DOESN’T MAKE 
INFECTION THREADS 1 (MtDMI1) and a receptor like kinase MtDMI2. These act 
downstream of Nod factor perception and mutant phenotypes of each show reduced Ca2+  
flux response (Shaw and Long, 2003). Ca2+ spiking activates a calmodulin-dependent protein 
kinase, CCaMK encoded by MtDMI3 (Levy et al., 2004). CCaMK triggers the induction of a 
nodulation pathway cascade within epidermal cells activating directly or indirectly a number 
of transcription factors. These include;  nodulation signal pathway 1/2  (NSP1/2) , NODULE 
INCEPTION (NIN), ERF , REQUIRED FOR NODULATION (ERN1) EARLY 
NODULATION (ENOD) genes and CYCLOPS (Catoira et al., 2000, Marsh et al., 2007, 
Middleton et al., 2007, Singh et al., 2014). This cascade initiates root hair curling and 
infection thread formation facilitating rhizobial entry.  
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1.8 Rhizobial and mycorrhizal symbiosis: Over-lapping pathways 
 
Although amongst agriculturally important plants the nitrogen fixing nodulation mechanism 
is restricted almost exclusively to legumes it shares many commonalties with the ancient 
(~400 myo) plant - arbuscular mycorrhizal (AM) fungi symbiosis, a relationship found in the 
majority of land plants (Follett and Follett, 2001). The mycorrhizal symbiotic pathway is 
present in a number of important cereal crops and contains elements known to function in 
rhizobium – legume symbiosis (Gutjahr et al., 2008, Banba et al., 2008). For example, in M. 
truncatula,  DMI3, a CCaMK  is required for AM  symbiosis and nodule formation (Ané et 
al., 2004). In rice, a homologous CCaMK is required for AM symbiosis and transformation 
into M. truncatula dmi3 mutants restores AM symbiosis and nodule formation albeit, in the 
latter case, with limited functionality (Godfroy et al., 2006). Constitutive expression of 
DMI3, when lacking the autoinhibition domain, in M. truncatula leads to spontaneous nodule 
formation in the absence of rhizobial infection (Gleason et al., 2006). Several genes known to 
function in the nodulation pathway including NIN, NSP1 and NSP2 have been implicated in 
AM symbiosis (Schauser et al., 1999, Smit et al., 2005, Kaló et al., 2005, Takeda et al., 2013, 
Lauressergues et al., 2012).  The shared components of these symbiotic pathways suggests 
that the nodulation pathway evolved from the AM symbiotic pathway (Doyle (1998) suggests 
a divergence date some 60-70 mya). This being the case, a subset of molecular components 
required for rhizobia induced nodulation already exists in a majority of land plants. As 
previously stated, rice, maize and wheat have some capacity to receive NO3- through 
diazothrophic N2 fixation. As these three crops  make up 58% of total crop area and provide 
half of the world’s energy intake (Fischer et al., 2009) even small efficiencies in biological 
nitrogen uptake and recycling would represent a substantive economic and environmental 
saving . Study of nodulation in model legumes can identify homologies with non-nodulating 
crop species and has the potential to introduce or improve nitrogen fixing capabilities of the 
latter.  
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1.9  Root formation 
 
1.9.1 Root architecture is determined by meristem initiation and 
maintenance  
 
Plant root architecture is organised by the initiation and modulation of cell division in regions 
of pluripotent stem cells known as meristems.  The root apical meristem (RAM) of the 
primary root is set up early in embryogenesis while further root meristematic regions may be 
initiated throughout the life of a plant at the site of lateral root formation and, as in the case of 
legumes, such as Medicago truncatula, at the site of nitrogen-fixing root nodule formation. 
These later two meristems are formed as a response to spatial or environmental clues and 
share common genetic identities (Harris and Dickstein, 2010, Liang et al., 2007) as well as 
being dependent on relative concentrations of a number of plant hormones, in particular 
cytokinins. These similarities have, for many years,  led to nodules being discussed as a form 
of modified lateral root (Nutman, 1948, Sprent, 2007). During lateral root formation, 
hormones act on the meristem by triggering and maintaining, at a point of auxin maxima, a 
stem cell niche.  As a source of stem cells, this niche is the ultimate source of all new tissue 
in growing roots.  Fundamental to this niche is a small group of centrally located cells known 
as the quiescent centre (QC) and has been most thoroughly studied in Arabidopsis (Figures 
1.3 and 1.4).  These very slowly dividing, undifferentiated pluripotent stem cells exert 
influence on those immediately surrounding the QC (the structural initials) preventing 
differentiation and slowing division. 
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Figure 1.3 Structure of the Arabidopsis root. (A) Schematic longitudinal section of the 
Arabidopsis root. There are three distinct developmental zones: the meristematic zone (MZ), 
the transition zone (TZ), and the elongation zone (EZ). The meristematic zone can be divided 
into the distal meristem (DM) and the proximal meristem (PM). In the meristematic zone, 
there is a ‘stem cell niche’ (SCN) that consists of the QC and initials (stem cells). (B) 
Schematic longitudinal section of the Arabidopsis root tip. The area enclosed with the red 
line shows the SCN. Around the QC, there are four initials (root stem cells). QC, quiescent 
centre (purple); CEI, cortex/endodermis initials (light green); ELRCI, epidermis/lateral root 
cap initials (light brown); CI, columella initials (sky blue); SI, stele initials (light ochre); 
LRC, lateral root cap (pink); EPI, epidermis (green); COR, cortex (light sky blue); ENDO, 
endodermis (dark ochre); STE, stele (dark brown. The same colours are used to represent the 
same tissues (or cells) in Fig. 1.4. Image and text by (Lee et al., 2012), reproduced by 
permission of Oxford University Press. 
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Figure 1.4 Control of root stem cells by plant hormones and their cross-talks. Different 
colours and diagrams are used for each hormone and its components. Auxin might inhibit the 
activation of the QC in several ways. One is through the canonical AXR6, SCFTIR1/AFB(s), 
MP/ARF5, BDL/IAA12, PLT, and WOX5 pathways. The second way is through the ABP1, 
CYCD3;1, RBR, and WOX5 pathway. Domain II-less IAA20 also has an effect on the QC and 
root initials. Auxin can exert an effect on the QC and initials through PIN proteins, which are 
regulated by the redox status of the root tip and NO. Recently, it was found that AUX1/LAX 
increases endocytosis at the root apical meristem, which might change the location of the PIN 
protein. However, it is unknown whether this mechanism directly influences the QC. BR 
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might stimulate QC activation by activating BRI1 kinase, BZR1, and BES1. ABA inhibits QC 
activation, which is supported by the results from studies on several ABA-related mutants 
such as latd, nhr1, abi8, and arf2. However, there is no direct evidence that they are involved 
in QC maintenance and/or activation. Ethylene stimulates QC cell division, and ETO1 and 
ACS5 are involved. JA activates the QC by transcriptionally repressing PLT1 and PLT2 
through MYC2. It is interesting to note that auxin activates distal differentiation (i.e. 
differentiation of columella initials) by inhibiting WOX5 expression through AXR3/IAA17, 
ARF10, and ARF16. This differs from the effect of auxin on the WOX5 expression at the QC. 
This finding suggests that there may be different control mechanisms for hormones on the 
QC and columella initials. COL, columella; arrows, stimulation; lines ending in bar, 
inhibition; dotted lines with an arrowhead, activation of biosynthesis; antiparallel arrows, 
interaction; empty dotted lines with empty arrowhead, flow of AUX. Refer to the text for 
more detailed information. Image and text by (Lee et al., 2012), reproduced by permission of 
Oxford University Press. 
 
Ablation of QC cells cause the structural initials to differentiate (Andreu, 2010). 
Asymmetrical division of the structural initials produces daughter cells spatially beyond the 
influence of the QC.  This separation enables differentiation as determined by positional 
signals from differentiated cells of the various tissue types proximal to the meristem. This 
positional differentiation results in the root’s radial patterning. Unlike Arabidopsis thaliana, 
M. truncatula has a basic open root meristem (Groot et al., 2004) which can be used as a 
model for studies on root stem cells in species with an open meristem organisation where 
different mechanisms must operate to control meristem size and cell fate (Holmes et al., 
2008).  
 
1.9.2 Phytohormones involved root organogenesis 
 
Nodule and lateral root organogenesis share many regulatory mechanisms 
(Muthukumarasamy et al., 2005). While the relative concentrations of auxin and cytokinin 
are crucial to the formation of both organs, the underlying spatial patterning existing at the 
site of each organ primordia show fundamental variations (Riggs et al., 2001, Ané et al., 
2004). Disruption to transport, perception and dosage of either of these hormones has been 
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shown to have a significant effect on nodulation (Hirsch et al., 1989, Mathesius et al., 1998, 
Gonzalez-Rizzo et al., 2006, Tirichine et al., 2007). Gibberelins play a role in regulating plant 
growth and have been shown to be involved in regulating nodule number in several legume 
species (Ferguson et al., 2005, Williams and Demallorca, 1984). Ethylene, abscisic acid 
(ABA) and Jasmonic acid (JA) all inhibit the nodulation pathway in M. truncatula and 
ethylene insensitive mutants hypernodulate (Penmetsa and Cook, 1997, Stacey et al., 2006, 
Achard et al., 2004).  Similarly, salicylic acid reduces nodule number, most likely as a 
modulator within the autoregulatory network (Sato et al., 2002, Stacey et al., 2006). A 
number of miRNAs have been shown to be regulators of phytohormones (Rubio-Somoza and 
Weigel, 2011, Lu and Fedoroff, 2000)  
 
1.10 microRNA 
 
miRNA are small (generally 21nt) non-protein coding regulatory molecules. They are derived 
from conventionally transcribed singled stranded RNA which, as a result of regions of high 
or perfect complementarity, fold onto themselves creating a hairpin tertiary structure. Base 
pairing of these regions produces a dsRNA hairpin structure which is recognised by a cell’s 
miRNA biogenesis machinery and is processed into a ~21nt ssRNA miRNA. High or 
complete base complementarity with a mRNA (the target) results in post-transcriptional 
down-regulation of the target gene either through mRNA cleavage or translational 
attenuation.  
This section starts with an explanation of how miRNAs are formed and down regulate their 
targets. The deep conservation of many miRNA and their role in development, particularly 
their connection to auxins, is discussed. The final section presents the role miRNAs are 
known to perform in nodulation. 
 
1.10.1 miRNA Biogenesis 
 
The miRNA processing mechanism is highly conserved and has been well characterised. 
Nevertheless, the rules governing many aspects of miRNA biogenesis tend to be nebulous 
with many variations in aspects such the location within the pre-miRNA from which the pri-
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miRNA is excised, the mechanisms of strand-selection and whether a target mRNA is 
cleaved or translationally attenuated.  Although the likelihood of different events occurring 
has been described they, at present, represent only the most probable outcome. Presented here 
is a generalised description of plant miRNA biogenesis and an accompanying schematic 
(Figure 1.5).    
Multiple DICER-LIKE (DCL) proteins are involved in small-RNA processing (reviewed in 
(Thompson, 2004). DCL1 is the major processer of miRNA in plants. It consists of two 
RNase-III domains which each make a single cut of the pri-RNA to excise the pre-miRNA. 
The location of the first cut is dependent on the tertiary structure of the hairpin precursor. A 
PIWI/ARGONAUTE/ZWILLE (PAZ) domain binds the dsRNA pri-RNA and acts to space 
the location of the cuts so that the second is generally 21nt from the first. Tandem C-terminal  
dsRNA binding domains (dsRBDs) may serve as nuclear localisation signals (Herridge et al., 
2008). A DExD-box helicase domain is involved in maintaining accurate processing of the 
pre-miRNA. A DUF283 domain associates with the DRB protein HYPONASTIC LEAVES 1 
(HYL1). DCL1 also associates with C2H2 zinc-finger protein SERRATE (SE) which binds 
the ss/dsRNA junction of the pri-RNA (Laubinger et al., 2008) and RNA binding protein 
TOUGH (TGH) which co-associates with HYL1.      
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Figure 1.5 miRNA Biogenesis. A schematic representation of miRNA production and 
targeting from transcription to target regulation. (1) In the nucleus, a miRNA transcript forms 
a tertiary structure containing one or more hairpins (the pri-miRNA). (2) This is recognised 
by DCL which removes a 21nt dsRNA structure with 2 nt 3´ overhangs (the pre-miRNA). (3) 
The over-hangs are protected by methylation by HEN1 and the pre-miRNA is transported 
into the cytoplasm. (4) The pre-miRNA associates with the AGO sub-unit of RISC. (5) The 
strands of the pre-miRNA are separated. The guide strand is retained and the passenger strand 
degraded. The guide strand directs AGO to a target via perfect or near perfect base 
complementarity. Target repression is achieved either via (6) mRNA cleavage through the 
endonucleaic activity of AGO or (7) translational attenuation.  
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Once processed from pri to pre miRNA the methyltransferase HUA ENHANCER 1 (HEN 1) 
protects the pre-miRNA by methylating the 2´-OH of each RNA strand. Once methylated the 
pre-miRNA is exported to the cytoplasm, at least in part, by the exportin-5 homolog HASTY 
(HST) (Bollman et al., 2003) although other factors are likely involved.  
In the cytoplasm the pre-miRNA is recruited by the protein complex RNA INDUCED 
SILENCING COMPLEX (Van Breemen et al.). RISCs contain an endonucleolytic subunit 
ARGONAUTE (AGO). Like DCL, AGO proteins have multiple homologues in both plants 
and animals. AGO1 is strongly associated with miRNA guided target recognition. Strand 
selection (determining passenger/guide strand identity) is determined based largely on each 
strands 5´ thermodynamic stability (Mi et al., 2008) and is contributed to by dsRNA-binding 
protein DRB1(Eamens et al., 2009). Loading of the pre-miRNA into AGO1 requires the 
chaperon activity of heat shock proteins Hsc70/Hsp90 (Iki et al., 2010) and SQUINT (SQN) 
which then dissociate from AGO1 to release the passenger strand.  The guide strand directs 
AGO1 to the mRNA target via base complementarity. mRNA down-regulation is achieved 
through AGO1 endonucleolytic cleavage of the target, generally at positions 10-11 relative to 
the miRNA, through translational repression, or a combination of both (Brodersen et al., 
2008, Li et al., 2013). It is unknown which factors influence whether a target is cleaved or 
repressed as no direct correlation has been found that distinguishes between the two on the 
basis of pre-miRNA structure, mismatches with the target binding site or binding region 
(Brodersen et al., 2008). 
1.10.2 miRNA: Conserved regulators of development 
 
The majority of miRNAs so far discovered exist in a single species (Cuperus et al., 2011, Dai 
et al., 1998). However, those that are widely conserved, although relatively few, are usually 
amongst the most abundant within a species (Peterjohn et al., 1996) and are often ancient, 
appearing as long ago as the divergence of mosses and vascular plants some 490 mya (Magill 
et al., 1997). Montes et al (1996) deep sequenced miRNA from 31 wide-ranging species of 
vascular plants. They identified 21 miRNA which were conserved across all taxonomic 
lineages examined. The deep conservation of these miRNAs points to their importance as 
regulators of key biological functions and their role in early seedling development and 
organogenesis is becoming increasingly appreciated.  Seefried et al  (2000) identified ~100 
developmentally important genes with at least a 1-fold expression change between the WT 
and DCL mutants.  The majority of the DCL genes were down regulated providing further 
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evidence that miRNA expression is required for the activation of many developmental 
pathways.  
 
Perhaps the most dramatic evidence for miRNAs role in development, however, has been 
demonstrated through phenotypic observation of plants with mutations in the miRNA 
biogenesis pathway. When miRNA biogenesis is disrupted the developmental effects can be 
profound (Hurt, 2009, Atack, 2009, Atack et al., 2009, Grigg et al., 2009, Melillo, 2012) and 
when it is non-functional the ability of the embryo to adopt or maintain tissue identity is 
largely lost (Evans, 1998). Null alleles of DCL 1-6 and SE4 and SE5 are embryonically lethal 
or cause arrested development early in embryogenesis.   
 
Highly conserved miRNA families show variation in function both across and within species. 
For example, functional studies of miR160 have demonstrated its requirement for a range of 
developmental functions including;  root cap formation, lateral and adventitious root 
formation, rhizobial infection, seed  germination and the development of leaves, flowers and 
siliques (Wang et al., 2005b, Lee et al., 1997, Bouwman et al., 1999, Barak et al., 1997). 
miR160 is also active is response to pathogenic and abiotic stress (Guo et al., 2010, Zhang et 
al., 2008). Similarly other highly conserved miRNA have been shown to be involved in 
multiple functions. For example miR393 is involved in pathogen defence, abiotic stress 
response, nitrate induced changes to root architecture and several aspects of development 
(Navarro et al., 2006, Godfroy et al., 2006, Messinese et al., 2007, Gleason et al., 2006, 
Schauser et al., 1999). In Arabidopsis, miR164 targets five NAC transcription factors 
involved in vegetative and floral organ development (Laufs et al., 2004), regulates lateral root 
emergence in Zea mays (McNulty et al., 1996)  and has also been linked to biotic and abiotic 
stress response (Kaló et al., 2005, Doyle, 1998). 
1.10.2.1 miRNAs are regulators of auxin directed root formation  
 
A frequent approach to miRNA discovery has been to employ transcriptome wide screening 
techniques to predict miRNAs and their targets (Chapter 3 of this thesis presents the results of 
of this same approach). These have shown that many highly conserved miRNA target 
transcription factors involved in plant development (Jones-Rhoades and Bartel, 2004, Dai et 
al., 2011, Ding et al., 2011). Additionally these studies have shown members of the 
transcription factor family AUXIN RESPONSE FACTORS (Young et al.) to be major targets 
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of miRNAs during root development. Auxin-miRNA feedback loops are also predicted to be 
highly represented given the observation that auxin response elements are frequently found in 
the promoter regions of auxin-associated miRNAs (Wall and Berry, 2008) (Pawlowski and 
Bisseling, 1996).  
The importance of auxins in post-embryonic plant development has been long appreciated. It 
is not unexpected therefore that developmentally important miRNAs have also been linked to 
auxin regulation. Polar auxin transport produces localised influx/efflux events producing 
auxin gradients. The sites of auxin maxima then define regions of root organ primordia 
initiation. The auxin maxima induce stem cell niche formation and is therefore crucial to the 
determination of cell fate and correctly organised root architecture.  The tight regulation of 
auxin signalling requires co-ordination between multiple genetic factors. Under low auxin 
conditions members of the Auxin/INDOLE3-ACETIC ACID (Aux/IAA) family repress 
members of ARF transcription factors  (Tanabe and Nishibayashi, 2013). TRANSPORT 
INHIBITOR RESPONSE 1 (TIR1) and the closely related AUXIN F-BOX PROTEINs 
(AFBs) are induced by auxin in a dose dependent manner (Roy et al., 2002, Galloway et al., 
2003). Binding of AUX/IAA by TIR or AFB proteins leads to ubiquitination and degradation 
by the 26S proteasome  (Forster P et al., 2007).   
Disruption of auxin at the transport, perception or response levels has been shown to have 
profound effects on root development (see (Liscum and Reed, 2002).  During root 
organogenesis, cytokinin acts as an antagonist to auxin function, restricting the induction the 
stem cell niche to a very small area thus restricting the size of the meristem (Dello Ioio et al., 
2007).  
In order to maintain the cells of the root meristem in a pluripotent state the QC must be 
prevented from differentiating. This requires control of auxin and cytokinin levels in a 
spatially precise manner. Auxin is obtained primarily through polar transport from the shoot 
and through local biosynthesis (Eamens et al., 2009, Blilou et al., 2005). Transport is directed 
by PINFORMED proteins leading to high concentrations of the auxin inducible transcription 
factor family PLETHORA (PLT).  PLT 1-2 concentration radiates out from the QC defining 
various cellular states from QC maintenance, stem, cell identity, mitotic activity and 
differentiation as dosage depletes moving away from the maxima (Galinha et al., 2007) . 
Concurrently a parallel pathway contributes to QC stem cell niche maintenance. The GRAS 
family transcription factor SHORTROOT (SHR). Expressed in the stele, SHR acts cell non-
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autonomously, via endosome trafficking, to activate another GRAS family transcription 
factor SCARECROW (Redmond et al.) in the QC, structural initials and endodermis (2009) 
(Gregg, 2011). Both SCR and SHR mutants result in loss of the QC (Duffin, 2010). SCR 
prevents cell division within  the QC by repressing the cytokinin response regulator  
ARABIDOPSIS RESPONSE REGULATOR 1 (ARR1) (Sabatini et al., 2003). Additionally, 
SHR/SCR in combination with down steam effectors regulate cell cycle genes controlling 
asymmetrical cell division and timing (Sabatini et al., 2003). The homeo-domain 
transcription factor WUSCHEL-RELATED HOMEOBOX 5 (WOX5) is activated by SCR in 
the QC. WOX5 exerts influence on the distal region of the stem cell niche maintaining 
pluripotency and division of columella cells. WOX5 expression is also dependent on the 
AUXIN RESPONSE FACTORS ARF10 and ARF16. These, as well as ARF17, are targets of 
miR160 (Hill, 1999, Wang et al., 2005a). 
 
When miR160 resistant versions of ARF16 and ARF17 are over-expressed in Arabidopsis 
pleotropic developmental defects are observed (Mallory et al., 2005, Lee et al., 1997, Wang 
et al., 2005b). Adventitious root formation also requires miR160/ARF17 interaction and is 
regulated by a feedback loop: ARF6 up-regulates miR160 and miR167 which are also down-
regulated by ARF8 and ARF17 (Mallory et al., 2005, Van Breemen et al., 1984). ARF17 
suppresses expression of three auxin-inducible Gretchen Hagen3 (GH3) genes reducing free 
auxin levels (Gutierrez et al., 2009, Zhou et al., 2014).  In Arabidopsis auxin responsiveness 
is also regulated by miR390 which down-regulates ARF2, ARF3 and ARF4 via tasiRNA 
TAS3  and represses lateral root emergence (Boxman et al., 1998).  miR390 is induced by 
auxin thereby forming part of an auxin–miR390-ARF auto-regulatory loop. In Arabidopsis 
and Zea mays miR164 is expressed in the pericycle during lateral root initiation where it is a 
negative regulator of root formation by limiting auxin signalling through the targeting of 
NAC1 (Guo et al., 2005, McNulty et al., 1996).  
In M. truncatula, miR396 has been linked to meristem activity via repression of several 
transcription factor growth-regulating genes (GRFs) as well as two bHLH79. Over-
expression of miR396 correlates with down-regulation of cell cycle genes and slows 
meristematic cell division (Trewavas, 2002).  
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1.10.3 miRNA and nodulation  
 
It is likely that symbiotic nodule formation has its evolutionary history in both 
mycorrhization (see section 1.4.5: Rhizobial and mycorrhizal symbiosis – over lapping 
pathways) and lateral root organogenesis. The shared molecular factors involved in both 
lateral root formation and nodule formation, include those involved in auxin accumulation 
during formation of the stem cell niche. As previously mentioned, miR160 is highly 
conserved across plant species. It is often encoded by multiple genomic locations and is 
involved in developmental processes through targeting of ARFs (Lee et al., 1997).  miR160 
and miR164, both negative regulators of lateral root formation, show decreased expression 
levels during the initial period of rhizobia infection and over-expression results in reduced 
nodule numbers in M. truncatula and G. Max (Lee et al., 1997, Bouwman et al., 1999).  
miR160 is up-regulated in mature nodules where it targets ARFs (Mathesius, 2008, Oldroyd 
and Downie, 2008). miR169 targets MtHAP2-1 contributing to regulation of nodule 
development by restricting MtHAP2-1 to the nodule meristematic zone. miR169 over-
expression results in slowed and arrested nodule development (Geurts et al., 2005).   
  
1.11 Scope of this thesis 
 
Central to legume research is their ability to fix N2 through the formation of a symbiotic 
relationship with rhizobia. Understanding the molecular events dictating nodule formation, 
and their synteny with root development in nodule producing and non-nodule producing 
plants have long been an imperative for many researchers. The comparatively recent 
discovery of the major role that miRNAs also perform in development offers to shed light on 
many missing elements within the genetic pathways of organogenesis. The initial aim of this 
thesis was to produce a whole of transcriptome small RNA library on which to base 
microRNA prediction and discovery. In order to do so, the small RNA component of the 
model legume M. truncatula deep sequencing was utilised to an unprecedented level. Similar 
studies had previously employed Affymetrix chips or 451 sequencing, techniques and provide 
just ~1-6 of the depth presented in this study. Using this data, a bioinformatic workflow was 
devised to identify or predict conserved and novel miRNA across four tissue types. Each 
sequence was mapped and abundant 21nt sequences with strong differential expression 
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between tissues were isolated.  Each of these was further analysed to find those originating 
from genomic regions capable of producing a canonical miRNA hairpin precursor.  
miRNA/target predictions are presented. miRNA predicted through this workflow are 
discussed further, with a focus on function, particularly as regulators of development and 
involvement in stress response.  
The latter chapters explore two predicted miRNA, a novel miRNA, miRN304 (novel miRNA 
304) is examined in Chapter 4 and miR166g a previously unexamined miR166 family 
member is the focus of Chapter 5. 
 miRN304 over-expression produces stunted roots with multiple abnormalities including; the 
loss of the root meristem structure, ectopic root hair growth and an abnormal vasculature. 
miRN304 is predicated to target the transcript of  HD-ZIP homeodomain transcript Mt-HB7. 
miR166g-5p a miR166 isoform which has only previously been reported as a passenger 
strand was very highly expressed in deep sequencing data. Over-expression of miR166g 
produces roots which super-nodulate when inoculated with Sinorhizobium meliloti strain 
1021. miR166g-5p is contained on the same pri-RNA as miR166g-5p. An isoform of miR166 
with the same sequence as miR166g-3p, miR166a has previously been shown to be a 
negative regulator of nodulation. It is shown that miR166g-5p is a positive regulator of 
nodulation and operates independently of miR166a.   
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2 Materials and methods 
 
2.1 Plant growth conditions 
 
Medicago truncatula cv. ‘Jemalong A17’ seeds were obtained from the National Medicago 
Collection (South Australian Research & Development Institute, Adelaide, South Australia).  
Plants were grown under controlled growth cabinet conditions; 20 oC, 70% relative humidity, 
100 µE m-2 s-1 and a 16 h photoperiod. Five grams of ‘Osmocote Exact’ (Scotts Miracle-Gro 
Company, Marysville, Ohio, USA) fertiliser was applied at sowing. 
 
2.2 Explant tissue cultivation 
 
Leaves for explants were collected 4 - 6 weeks after sowing.  Leaves were sterilized for 30 s 
in 70% (v/v) ethanol and then for 5 min in a 1 in 8 dilution of 12.5% sodium hypochlorite 
solution followed by seven rinses in sterile MilliQ water (EMD Millipore Corporation, 
Billerica, MA, USA).  Petioles were removed to separate each foliole, and the edges of the 
foliole were trimmed off to form a rectangular piece of tissue with the midvein running down 
the centre. Cuts were made perpendicular to the midvein to obtain between two and four 
pieces of tissue measuring approximately 2 - 4 mm. Leaf pieces were plated with abaxial side 
down in 9 cm plastic Petri dishes containing approximately 20 mL of P4 medium (based on 
Gamborg’s B5 medium (Gamborg et al., 1968) as described by (Thomas et al., 1990).  P4 
media contained either 10 µM 1-naphthaleneacetic acid (NAA) (Sigma-Aldrich, St Louis, 
MO, USA) in the case of RFC cultures or 10µM NAA + 4 µM 6-benzylaminopurine (BAP)   
(Sigma-Aldrich), in the case of NRFC cultures. Both were dissolved in MilliQ water, cold 
sterilised using a 0.2µm Minisart Syringe Filter (Sartorius Stedim Biotech, Goettingen, 
Germany) and added to P4 media post-autoclave.  Plates were incubated in the dark at 28 oC 
for 10 - 14 days.  Callus tissue was removed with a scalpel and stored at -80 oC.  
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2.3 Seedling cultivation for collection of root tip and elongation zone tissue 
 
A17 seeds were scarified using sand paper, disinfected in 6.25% sodium hypochlorite 
solution and rinsed seven times in sterile MilliQ water. Seeds were spread onto 85 mm Petri 
dishes containing Fahraeus media (F-media) (Fahraeus, 1957) and covered with 1 ml sterile 
MilliQ water.  Dishes were covered to exclude light, stored at 4 oC for ~16 h and seeds 
germinated for 24-30 h at 28 oC.  Seedlings were transferred to 85mm Petri dishes containing 
F-Media.  The media was “slanted” i.e. it was poured in Petri plates positioned at 25o to 
horizontal so only the lower half was covered. In this way only the roots and lower portion of 
the hypocotyl were in contact with the medium. Dishes were placed in trays at a 15 - 25o 
angle to vertical with black cardboard spacers between them to largely exclude light from the 
roots.  Seedlings were grown for three days at 20 oC, 150 µE m-2 s-1, 80% relative humidity 
and a 16h photoperiod. The root tip (distal 3mm) and elongation zone (10 mm above the root 
tip) were removed and stored at -80 oC.  
2.4 Quantitative Real Time PCR (qRT-PCR) 
 
qRT-PCR was performed on either a Applied Biosystems (ABI) 7900HT Fast Real-Time 
PCR System or ABI ViiA™7 Real-Time PCR System. Analysis was performed using either 
7900HT SDS 2.3 or ViiA™7 software v1.0 respectively. 10 ul qRT-PCR reactions were 
performed in a 384 well plate. Plates was spun down at 524 x g for 1m prior to qRT-PCR. 
 
2.4.1 qRT-PCR - Mature miRNA validation 
 
Mature miRNA was validated and quantified via qRT-PCR using Taqman® MicroRNA 
Assays (Applied Biosystem (ABI) with 100% probe sequence complementarity. A Taqman 
Assay® probe specific to M. truncatula U6 was used as a housekeeping control. 
SuperScript® III Reverse Transcriptase (Invitrogen) was used for cDNA synthesis. Assays 
were multiplexed using both miRNA specific and random primers. Briefly: 100 ng cDNA per 
well used for each 10 µl reaction. Each reaction used Taqman® Universal Master Mix II, no 
UNG (Life Technologies) or TaqMan® Fast Advanced Master Mix (Life Technologies) and 
was performed as per the manufacturer’s protocol.  
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2.4.2 qRT-PCR - mRNA 
 
qRT-PCR was used to determine relative mRNA, including pri-miRNA, levels. Briefly: 200 - 
500 ng cDNA, depending on transcript abundance, per well was included in each 10 µl. Each 
reaction used either Power SYBR® Green PCR Master Mix (Life Technologies) or Fast 
SYBR® Green Master Mix (Life Technologies) as per the manufacturer’s protocol. A 
dissociation step was included to confirm single product amplification.    
      
2.5 Hairy Root transformation  
 
2.5.1 Seed Preparation and germination 
 
M. truncatula A17 seedlings were scarified and sterilised in 6.25% v/v sodium hypochlorite 
for 15 minutes and rinsed seven times with dH2O.  Seeds were spread on F-medium and 
vernalised overnight at 4 oC.  The plates were then inverted and incubated at 20 oC, in the 
dark for 24-30 hrs (until an average radicle length of approximately 1 cm was achieved).     
 
2.5.2 Agrobacterium rhizogenes preparation  
 
A.rhizogenes strains ARqua-1 (Boisson-Dernier et al., 2001) or K599 was transformed with 
pK7WG2D containing the miRNA hairpin construct of interest was cultured overnight in 20 
ml LB media containing 50 mg/ml spectinomycin and 100 mg/ml streptomycin at 28 oC.  
400ul of each culture was spread on LB plates containing the above antibiotics.  The plates 
were incubated at 28 oC for 48 hours.   
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2.5.3 Transformation 
 
Germinated seedlings with a radicle length of about 1cm were used.  Approximately 3 mm of 
the root tip was removed and the sectioned surface was touched onto A. rhizogenes culture 
and transferred to 150 mm plates containing slanted F-medium plus 5 mM KNO3 as a 
nitrogen source  (8-10 per plate).  The plates were sealed with parafilm apart from 4-5 cm at 
the top to allow for gas exchange.   These were arranged on trays to stand at approximately 
45o and incubated in a 20 oC growth cabinet with a 16 h photoperiod and a photo flux density 
of     150 µmol m-2s-1.  After one week the plates were transferred to a 25 oC growth cabinet 
with identical light conditions. 
 
2.5.4 Bacterial inoculation 
 
Sinorhizobium meliloti strain 1021 was grown on Bergensen’s Modified Medium (BMM) 
agar media for 2 days. Subsequently, a colony of bacteria was transferred to BMM liquid 
media and grown at 28 oC overnight. The culture was diluted with sterile water to an OD600 
of 0.1. After transferring the seedlings to nitrogen-free F Media for four days, the seedlings 
were flood-inoculated with 0.5-1.0 ml (CPU 4.0 x 108 -8.0 x 108) culture. 
 
2.6 PCR Product Clean-up 
 
2.6.1 Ethanol Precipitation 
 
3M Sodium Acetate (pH 5.2) solution was added to the PCR reaction at a ratio of 1:10 and 
well mixed. Cold 100% EtOH was then added at a ratio of 2:1. Solution was centrifuged at 
16,200 x g at 4 oC for 30 min. The supernatant was removed and the pellet washed with 75 % 
EtOH which was then removed and the pellet allowed to air dry for 5 min prior to re-
suspension in dH2O.  
2.6.2 Spin Columns 
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The QIAquick PCR Purification Kit (cat no. 28104) (Qiagen, Straße 1 40724 Hilden, 
Germany) was used according to the manufacturers protocol. Briefly; Five volumes of buffer 
PB was added to a completed PCR reaction which was then added to a MinElute column. All 
centrifuge steps were performed at 16,200 x g. The column was spun at for 1 min, flow-
through was discarded and 0.75 ml buffer PE added. The column was spun for one min, the 
flow-through discarded and spun again for two min. 30 µl dH2O was added to the centre of 
the filter and the column allowed to stand for one min prior be spinning for one min to collect 
eluate.    
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2.7 Media  
2.7.1 Nutrient composition of Fahräeus (F) medium  
 
                                                               (modified from Vincent, 1970) 
Chemical Composition mg/L 
 
Macronutrients 
MgSO4.2H2O 
KH2PO4 
Na2HPO4.12H2O 
Fe Citrate 
CaCl2.2H2O 
 
Gibson’s Trace Elements 
 H3BO3 (2.86 g/L) 
 MnSO4.4H2O (2.03 g/L) 
 ZnSO4.7H2O (220mg/L) 
 CuSO4.5H2O (80 mg/L) 
 H2MoO4.2H2O (121 mg/L) 
 
Nitrogen Source (When Required)  
1 M KNO3 
pH adjusted to 6.4 
 
 
 
13.2 
10.0 
15.0 
5.0 
13.2 
 
1ml/L  
 
 
 
 
 
 
5 ml/L 
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2.7.2 Nutrient composition of P4 medium 
Chemical Composition  mg/L 
Major salts 
KNO3 
MgSO4.7H2O 
KCl 
NH4NO3 
KH2PO4 
Minor Salts 
MnSO4.H2O 
H3BO3 
ZnSO4.7H2O 
KI 
Na2MoO4.2H2O 
CuSO4.5H2O 
CoCl2.6H20 
Calcium 
CaCl2.2H2O 
FeNaEDTA (C10H16N2O8) 
Vitamins 
Myo-Inositol 
Thiamine-HCL 
Pyridoxine-HCl 
Nicotinamide 
Other 
Casamino acids 
Sucrose 
Agar 
pH adjusted to 5.8 
 
1875 
225 
225 
600 
131 
 
10 
3 
2 
0.75 
0.25 
0.025 
0.025 
 
300 
9.276 
 
100 
10 
1 
1 
 
250 
30g/L 
8g/L 
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2.7.3 Nutrient composition of Super-Optimal Broth (SOC) 
 
Chemical Composition                               g/L 
 
Tryptone 
 
5 
Yeast Extract 20 
NaCl 0.5 
KCl 0.952 
MgCl2 0.186 
dH2O to 1000ml to 1 L 
  
1 M Glucose (post auto-clave) 20ml 
pH adjusted to 7.0  
 
 
2.7.4 Nutrient composition of Luria Broth (LB) 
 
Chemical Composition mg/ L 
Tryptone 10 
Yeast extract 5 
NaCl 10 
pH adjusted to 7.0  
 
Agar (Agar grade J3, Gelita Pty Ltd., Beaudesert, QLD) 
 
8,000 
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2.7.5 Nutrient composition of Bergensen’s Modified Medium (BMM) 
 
Chemical Composition mg/L 
Macronutrient  
Na2HPO4.12H2O 360 
MgSO4.7H2O 80 
CaCl2.2H2O 40 
FeCl3 3 
Micronutrient  
H3BO3 3 
MnSO4.4H2O 10 
ZnSO4.7H2O 3 
CuSO4.5H2O 0.25 
Na2MoO4.2H2O 0.25 
CoCl2.6H2O 0.25 
Vitamins  
Biotin 0.2 
Thiamin-HCl 2 
Organic Supplement  
Na glutamate 500 
Yeast Extract 500 
Manitol 3 x 103 (solid media) 
 10 x 103 (liquid media) 
pH adjusted to 6.8 – 7.0   
Agar (Agar grade J3, Gelita Pty Ltd., Beaudesert, QLD) 8,000 
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2.8 Cell Transformation 
 
2.8.1 Chemically Competent – E. coli 
 
Cell strains used were; One Shot® TOP10 (Invitrogen) (F– mcrA Δ(mrr-hsdRMS-mcrBC) 
Φ80lacZΔM15 ΔlacX74 recA1 araD139 Δ(ara leu) 7697 galU galK rpsL (StrR) endA1 
nupG)  or One Shot Mach1™-T1R  (Invitrogen) (F– Φ80lacZΔM15 ΔlacX74 hsdR(rK–, 
mK+) ΔrecA1398 endA1 tonA). Cells were maintained at 80oC until used. Transformation 
was performed according to the manufacturer’s specifications. Briefly: 
 
1. Cells were thawed on ice for approximately 15 minutes. 
2. 50-200 ng of plasmid containing the cloned sequence of interest was added and very 
gently swirled to mix. 
3. After 30 min incubation on ice, cells were heat shocked in a 42oC water bath and 
immediately returned to ice for at least two min. 
4. 200µl LB or SOC was added and cells were recovered for two hours in a 37 oC 
incubator, shaking gently. 
5. 200µl of culture was spread on LB plates containing the appropriate anti-biotic, sealed 
with Nescofilm and incubated 18-24 hrs at 37 oC. 
 
2.9 Chemically Competent - Agrobacterium rhizogenes 
 
Cell strains used were; ARQUA 1 and K599. Cells were maintained at -80oC until used. 
Transformation procedure was as follows; 
 
1. Cells were thawed on ice for approximately 45 minutes. 
2. 50-200 ng of plasmid containing the cloned sequence of interest was added to and 
very gently swirled to mix. 
3. Tubes containing transformation mixture were put in liquid nitrogen for five min. 
4. Tubes were incubated in a 37 oC water bath for five min. 
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5. Cells were recovered in 1 ml LB for 2-4 hours. 
6. Various amounts between 5 – 200µl were plated on LB plates containing the 
appropriate anti-biotic and incubated at 28 oC for 48 hours. 
 
2.9.1 Electocompetent – E. coli 
 
Cell strains used were; E.Coli XLI-BLUE and BL21(DE3). Cells were maintained at -80oC 
until used. Transformation was performed as follows: 
1. Cells were thawed on ice for 5-10 minutes. 
2. 10-100 ng of plasmid pET-28a (+):TC175771/AB was added to the thawed cells and 
the mixture added to an electroporation cuvette. 
3. Electoporation was performed on a Bio-Rad Pulse Controller on the following 
settings; Resistance 200 ohms; Capacitance 25µFD; Voltage 2.5.  
4. Cells were recovered in 200µl SOC at 37 oC, shaking gently, for at least one hour.  
5. 200µl of culture was spread on LB plates containing the appropriate anti-biotic 
which sealed with Nescofilm and incubated 18-24 hrs at 37 oC.  
 
 
2.10 Generation of over-expression constructs 
 
miRNA and gene over-expression constructs were generated using the Gateway® System 
(Life Technologies). Briefly: Sequences to be over-expressed were amplified by PCR from 
either genomic DNA or cDNA. 20-50 ng PCR was cloned into the pENTR/D-TOPO entry 
vector according to the manufacturer’s instructions. The vector was transformed into One 
Shot® TOP10 as described (see Cell Transformation: Chemically Competent). Single 
colonies were cultured overnight in liquid LB (50µg/ml kanamycin). The entry vector was 
isolated using the Bioline ISOLATE Plasmid Mini Kit. ~75 ng of both pENTR and the 
destination vector (pK7WG2D) was used in the LR Clonase II (Life Technologies) 
recombination reaction. Screening and isolation of successful transformants was performed 
as previously described.    
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2.11 Reverse Transcription 
2.11.1 mRNA 
 
500 ng- 1 ug of whole RNA was used. The reverse transcription reaction was performed 
using Superscript III Reverse Transcriptase (Life Technologies) according to the 
manufacturer’s instructions. 
 
2.11.2 miRNA 
 
100 ng whole RNA per reaction was used. cDNA synthesis for TAQMAN probe detection 
used multiple miRNA primers multiplexed in a single reverse transcription reaction. Random 
primers were also included to produce cDNA for U6 (used as a housekeeping control). 
Superscript III Reverse Transcriptase was used and the reaction proceeded as per the 
manufacturers’ instructions.  
 
2.12 Rapid Amplification of 5'cDNA Ends (5' RACE) 
 
Target validation employed a modified version of 5' RACE (Llave et al., 2002) using the 
GeneRacer Kit (Invitrogen). Briefly:  Neither calf intestinal phosphatase (CIP), to remove 5' 
phosphates, nor tobacco acid pyrophosphatase (TAP), to remove 5' cap, both standard 5' 
RACE treatments, were performed. 5µg whole RNA was combined with 0.25 μg 
GeneRacer™ RNA Oligo and ligated as follows;  
 
1 μl 10X Ligase Buffer  
1 μl 10 mM ATP  
1 μl RNaseOut™ (40 U/μl)  
1 μl T4 RNA ligase (5 U/μl)  
6µl dH2O  
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Ligation was performed overnight at 4 °C. RNA was recovered as described (see RNA 
Precipitation, phenol:chloroform). cDNA was produced using Superscript III (Invitrogen) 
according to the manufacturer’s instructions.  
 
2.13 Prediction and validation of miRNA targets 
 
Target prediction was performed using the online version of TAPIR  (Bonnet et al., 2010). 
The minimum score threshold was set to nine and the free energy ratio 0.7. Database for 
target prediction was the Affymetrix GeneChip Medicago Genome Array MTGI_V11 
available (Affymetrix, Santa Clara, CA, USA). A degradome library was produced using 
modified 5' RACE as described (see Rapid Amplification of 5'cDNA Ends (5' RACE), 
modified). PCR using a gene specific primer and a Generacer RNA oligo specific primers 
was used to validate target predictions. Predictions were further validated by Sanger 
sequencing in the Topo/D TA cloning vector (Invitrogen, Carlsbad, CA, USA).  
 
2.14 Sanger Sequencing 
 
Sanger sequencing was performed by The Australian Genome Research Facility, Brisbane 
Australia. In general, between 600-1200 ng purified plasmid containing the insert of interest 
was sequenced. 
     
2.15 Whole RNA Extraction 
 
2.15.1 Phenol:chloroform 
 
To 5µg RNA in 100µl dH2O 100µl phenol:chloroform was added. Tubes were vortexed   for 
30 seconds and centrifuged at maximum speed in for 5 minutes at room temperature. 
The aqueous phase was transferred to a new tube and 2μl 10mg/ml mussel glycogen, 10 μl 3 
M sodium acetate, pH 5.2 and 220μl 95% ethanol was added. Tubes were vortexed briefly 
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placed on dry ice for 10 minutes. RNA was pelleted by centrifugation at 16,100 g for 20 
minutes at 4 °C. Pellets were washed in 500 μl 70% ethanol, vortexing. Tubes were 
centrifuged at 16,100 g in a microcentrifuge for 2 minutes at 4 °C, the supernatant removed 
and pellets resuspended in 10-30 µl RNAse free water depending on requirements. 
2.15.2 TRIZOL RNA Isolation Reagent 
 
Tissue preparation for deep sequencing was prepared by crushing in liquid nitrogen (LN) (see 
below). All other Trizol (Life Technologies) based extraction used bashing beads (see 
below). RNA extraction from prepared tissue proceeded as follows: Trizol containing crushed 
material was transferred to a 1.5ml tube and incubated at RT for 5 min. Chloroform to a 
volume of 200µl per 1ml Trizol was added and the tubes shaken vigorously by hand for 15 
seconds. Tubes were incubated at RT for 3 min. The tubes were centrifuged at 1,500 g at 4oC 
for 20 minutes. The upper aqueous phase of each sample was transferred to a new tube and 
steps 3-5 repeated until the white interphase was no longer visible.  The upper, aqueous phase 
of each sample was then transferred to new tubes and 1 volume of cold isopropanol added.  
Samples were incubated at room temperature for 25-30 minutes and centrifuged at 15,700 g 
at 4 oC for 2 minutes. The supernatant was discarded and the pellet wash in 75% EtOH 
(vortexing) and then air dried.  Pellets were resuspended in 20-50µl Ultrapure water. 
 
2.15.3 RNA Extraction using liquid nitrogen 
 
Whole RNA for deep sequencing was prepared as follows:  Frozen tissue was rapidly 
transferred to a liquid nitrogen chilled steel mortar. The tissue was immersed in liquid 
nitrogen and ground to a powdery consistency, taking care at all times to prevent thawing.  
RNA extraction proceeded as described previously (see: Preparation of RNA for Deep 
Sequencing). 
2.15.4 RNA Extraction using ‘bashing beads’ 
 
 Whole RNA extraction for qRT-PCR was operformed as follows: Up to 80 mg of frozen 
tissue was placed into a ZR BashingBead™ Lysis Tube (Zymo Research Irvine, CA USA)  
and immediately covered in 800 µl of Trizol.  Tubes were shaken for 40 s at a speed setting 
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of 5 on a Savant/Bio101 FP120 Cell Disruptor (Qbiogene, IncCarlsbad, CA USA). RNA 
extraction proceeded as described previously (see: Preparation of RNA usingTRIZOL RNA 
Isolation Reagent). 
 
2.16 Genomic DNA (gDNA) extraction 
 
gDNA extraction from 5-10 mg mature root or leaf tissue was performed using the  
Puregene® Genomic DNA Purification Kit (Gentra Systems, Minneapolis, Minnesota, USA) 
according to the manufacturer’s instructions. 
 
2.17 Polymerase Chain Reaction (PCR) 
 
Amplification of genes for functional analysis was done via PCR using the proof reading 
polymerase Phusion (Finnzymes, Vantaa, Finland). When PCR was used for validation only, 
Platinum Taq (Life Technologies) was used. In both cases the reaction conditions were as per 
the manufacturer’s instructions. Reactions were performed on either; a PTC-200 DNA 
Engine (Biorad, Hercules, Cal, USA) or a Genepro Thermal Cycler (Bioer, Hangzhou, 
China). Completed reactions were run on 1 - 1.5% agarose gels, depending on amplicon size. 
Gels were stained with ethidium bromide or SYBR® Safe DNA Gel Stain (Life 
Technologies) and imaged using the Bio-Rad 5000 MP VersaDoc Imaging System ( Biorad) 
and associated software.  
 
2.18 Validation of integrity and purity of RNA /DNA  
2.18.1 DNA 
 
All DNA (gDNA, PCR products, plasmids) used in functional analysis applications was 
quantified and validated on a Nanodrop 1000 (ThermoFisher Scientific, Waltham, MA, 
USA). In general, samples with a 260/280 absorbance ratio between 1.7 and 1.9 and a 
260/230 absorbance ratio between 2.0 and 2.2 were considered suitable for use in 
downstream applications.  
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2.18.2 RNA 
 
smRNA for deep sequencing was quantified using a Qubit fluorometer (Invitrogen). Whole 
RNA and low molecular weight  RNA integrity was confirmed using the Agilent RNA 6000 
Nano Kit (Agilent Technologies, Waldbronn, Germany), according to the manufacturer’s 
instructions. Nano chips were analysed on a Agilent 2100 Bioanalyzer (Agilent 
Technologies). qRT-PCR dissociation curves were produced and analysed to ensure only 
small, adaptor ligated, RNA was included in the deep sequencing reaction. 
2.18.3 Microscopy and Imaging 
 
A Leica M205FA, Leica DM5500 B or Leica DC200 microscope was used for all light 
microscopy or auto-fluorescent imaging. eGFP expresion and imaging was performed on a 
Leica DC200 microscope.   
2.18.4 Root sectioning 
 
All root sectioning was performed on the Vibratome 1000plus sectioning system. 
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3 microRNA profiling of root tissues and root forming explant 
cultures in Medicago truncatula 
 
[This chapter has been published in Planta. It is re-produced here with minor changes to 
reflect updated data and to avoid repetition within other chapters] 
Rodney P. Eyles, Philip H. Williams, Stephen J. Ohms, Georg F. Weiller, Huw A. Ogilvie, M
ichael A. Djordjevic   and Nijat Imin (2013) microRNA profiling of root tissues and root 
forming explant cultures in Medicago truncatula. Planta. Volume 238, Issue 1, pp 91-105 
 
3.1 Abstract 
 
Plant root architecture is regulated by the initiation and modulation of cell division in regions 
containing pluripotent stem cells known as meristems. Root apical meristems (Liu et al.) are 
formed early in embryogenesis and post-embryogenic organogenesis occurs at the site of 
lateral root or, in legumes, nodule formation. Root meristems can also be generated in vitro 
from leaf explants cultures supplemented with auxin. microRNAs (miRNAs) have emerged 
as regulators of many key biological functions in plants including root development. To 
identify key miRNAs involved in root meristem formation in Medicago truncatula, we used 
deep sequencing to compare miRNA populations. Comparisons were made between: (1) the 
root tip (RT), containing the RAM and the elongation zone (EZ) tissue and (2) root forming 
callus (RFC) and non-root forming callus (NRFC). We identified 83 previously reported 
miRNAs, 24 new to M. truncatula, in 44 families. For the first time in M. truncatula, 
members of conserved miRNA families miR165, miR181 and miR397 were found. 
Bioinformatic analysis identified 38 potential novel miRNAs. Selected miRNAs and targets 
were validated using Taqman miRNA assays and 5′ RACE. Many miRNAs were 
differentially expressed between tissues, particularly RFC and NRFC. Target prediction 
revealed a number of miRNAs to target genes previously shown to be differentially expressed 
between RT and EZ or RFC and NRFC and important in root development. Additionally, we 
predict the miRNA/target relationships for miR397 and miR160 to be conserved in M. 
truncatula. Amongst the predictions were AUXIN RESPONSE FACTOR 10, targeted by 
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miR160 and a LACCASE-like gene, targeted by miR397. Both are miRNA/target pairings 
conserved in other species. 
3.2 Introduction  
 
Root meristems are the source of the newly formed, undifferentiated cells that ultimately 
build the root structure of plants. Root meristems are formed early in embryogenesis, in the 
case of the RAM and throughout the life of the plant at sites of lateral root formation. The 
positioning of meristem formation is determined by relative concentrations of specific 
phytohormones, in particular auxin and cytokinin. The interaction between these hormones 
triggers the establishment of a stem cell niche which develops into the root meristem.  
As the root extends, the meristematic zone maintains its position relative to the root tip. 
During this process, cells produced in in the meristem become separated from its influence 
and are no longer maintained in a pluripotent state. They then undergo differentiation into the 
various cell types of the mature root. This region of newly differentiated cells is the 
elongation zone (EZ) and prior to the emergence of lateral roots lacks a meristem. It can 
therefore be expected that genetic factors exhibiting differential expression between EZ and 
the meristem containing root tip (RT) may be associated with regulation of the meristematic 
environment. Transcriptomic profiling between root meristematic and non-meristematic 
tissue has been used to compare specific gene expression in a variety of species (Kyndt et al., 
2012, Haerizadeh et al., 2011).  
Root meristems can also be generated in vitro from leaf explant cultures supplemented with 
auxin. In M. truncatula wild type cultivar Jemalong, auxin addition to leaf explant tissue 
induces the formation of callus tissue consisting of undifferentiated cells enriched in root 
stem cells that subsequently form roots. Conversely, auxin and cytokinin treated explants also 
form callus tissue but do not develop roots (Imin et al., 2007). In vitro explant tissue culture 
systems have enabled the direct comparison of many of the molecular factors involved in 
stem cell propagation and differentiation between tissues exposed to various exogenous 
treatments (Nolan et al., 2003, Holmes et al., 2008, Imin et al., 2008).  In M. truncatula, these 
studies have shown that a number of genes involved in stem cell niche formation including 
homologs of WUSCHEL-RELATED HOMEOBOX 5, PLETHORA1 and 2, BABY BOOM 1, 
LATERAL ORGAN BOUNDARIES-DOMAIN 29 and LATERAL ROOT PRIMORDIA 1 are 
sharply up-regulated in auxin explant callus tissue in comparison to those treated with auxin 
and cytokinin (Imin et al., 2007, Holmes et al., 2010).   
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Whole of transcriptome studies have allowed the direct comparison of gene expression levels 
between tissues or variations in growth conditions and have identified factors involved in 
processes such as stress response, nutrient uptake plus root initiation and growth (Imin et al., 
2007, Hao et al., 2011, Lu et al., 2012). Such studies have identified a number of key 
transcription factors, a major target group of miRNAs (Carrington and Ambros, 2003), 
involved in the formation of root stem cells (Imin et al., 2007, Holmes et al., 2010). More 
recently, deep sequencing techniques have allowed the rapid elucidation of entire 
transcriptomes including the smallRNA (smRNA) component containing miRNAs (Zhao et 
al., 2010, Song et al., 2011). miRNAs have emerged as major regulators of organogenesis 
through the targeting of many developmental genes (Sun, 2012). The strong conservation of 
miRNAs and their targets across species suggests that miRNAs perform fundamental roles in 
plant physiology. Many conserved miRNAs target transcription factors involved in key 
processes such as meristem initiation and maintenance, organogenesis, vascular and floral 
patterning, hormone transport and, in legumes, nodule development (Laufs et al., 2004, 
Mallory et al., 2005, Williams et al., 2005, Zhou et al., 2007a, D'Haeseleer et al., 2011, 
Kaufmann et al., 2010).  Only a limited number of studies have used deep sequencing to 
examine miRNA expression in M. truncatula (Szittya et al., 2008, Devers et al., 2011, Wang 
et al., 2011a, Chen et al., 2012b) while others have used high throughput 454 sequencing 
(Jagadeeswaran et al., 2009, Lelandais-Briere et al., 2009), a technique which produces 
significantly less data. While in A. thaliana, miRNA profiling through deep sequencing has 
been performed on various root cell types through cell sorting (Breakfield et al., 2012), to our 
knowledge no direct comparison of miRNA populations within RT and EZ tissues has been 
done. Nor have previous studies examined the expression patterns of miRNAs induced in 
vitro in cells subject to exogenous auxin or auxin and cytokinin treatments.  
Deep sequencing was performed and the small transcriptome expression patterns between RT 
and EZ as well as RFC and NRFC were analysed. 21 nt sequences with high differential 
expression patterns were further analysed to identify pre-miRNA hairpin structures. We 
identified 83 previously reported miRNAs, 24 new to M. truncatula, in 44 families. Thirty 
eight additional sequences mapping to genomic locations capable of forming canonical pri-
miRNA were also identified, and may represent novel miRNAs. Analysis showed low 
differential expression in abundantly expressed miRNAs in RT and EZ. This contrasted with 
many highly differentially expressed miRNAs identified between RFC and NRFC. Target 
prediction revealed a number of miRNAs to target genes previously shown to be 
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differentially expressed between RT and EZ or RFC and NRFC. Conserved miRNA/target 
relationships were found for miR397 and miR160 while other miRNAs were predicted to 
target homologues of genes involved in root development.   
 
3.3 Materials and methods  
 
3.3.1 Plant materials, growth and explant tissue culture 
 
Medicago truncatula cv. ‘Jemalong A17’ seeds were obtained from the National Medicago 
Collection (South Australian Research & Development Institute, Adelaide, South Australia) 
and were used for all samples.  Plants were grown under controlled growth cabinet 
conditions; 20 oC, 70% relative humidity, 100 µE m-2 s-1 and a 16 h photoperiod. Five grams 
of ‘Osmocote Exact’ (Scotts Miracle-Gro Company, Marysville, Ohio, USA) fertiliser was 
applied at sowing. Explants were cultured as described in (Imin et al., 2007). Leaves for 
explants were collected 4-6 weeks after sowing.  P4 culture medium, based on Gamborg’s B5 
medium as described by (Thomas et al., 1990) contained either 10 µM 1-naphthaleneacetic 
acid (NAA) (Sigma-Aldrich, St Louis, MO, USA), in the case of RFC cultures, or 10 µM 
NAA + 4 µM 6-benzylaminopurine (BAP) (Sigma-Aldrich), in the case of NRFC cultures. 
Explant containing plates were incubated in the dark at 28 oC for 10-14 days (Figure 3.1).  
Callus tissue was stored at -80 oC. To collect root tip tissue, sterilised A17 seeds were 
stratified at 4 oC for 24 hours and germinated at 20 oC  12-15 h post germination. Seedlings 
were transferred to 85 mm Petri dishes containing Fahraeus Media (Fahraeus, 1957). The 
media was “slanted” i.e. the medium was poured in petri plates held at a 25o angle so only the 
lower half was covered. In this way only the roots and lower portion of the hypocotyl were in 
contact with the medium. Each dish was sealed with Nescofilm (Brando Chem. Kobe, Japan) 
apart from 40-60 mm at the top to allow gas transfer.  Dishes were placed in trays at a 15-25o 
angle to vertical with black cardboard spacers between to exclude light from the roots.  
Seedlings were grown for three days at 20 oC, 150 µE m-2 s-1, 80% relative humidity and 16 h 
photoperiod.  The root tip (distal 3 mm), which included the root cap, the root meristem and 
at least part of the transition zone was removed and stored at -80 oC. 
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Figure 3.1 Leaf explant material collected for deep sequencing. Explants were cultured 
for 10-14 days prior to emerging callus material being harvested (A). At this time-point callus 
tissue predominantly appears as translucent cell masses at the margins of the explant (red 
arrows . At approximately 6 weeks on hormone containing media explant plants have formed 
root-like structures (B), with NAA treatment or mature calli (C), with NAA/BAP treatment.         
 
3.4 Small RNA extraction 
 
Whole RNA was extracted using a modified “Trizol method”(Sunkar and Zhu, 2004).  The 
smRNA isolation proceeded as follows: to 12 µg total RNA (50µl), 6 µl 50% PEG (MW 
8000) and 7.5 µl 4M NaCl was added and samples incubated at 4 oC for 30 min. Samples 
were then centrifuged at 16,100 g at 4 oC for 15 min. To the supernatant, 3x vol 100 % EtOH 
was added. Samples were precipitated overnight at 4 oC. After spinning at 4 oC at 16,100 g 
for 30 min, the supernatant was removed and pellets were gently washed in 75-80% EtOH for 
5 min. Pellets were air dried and resuspended in 60 µl UltraPure distilled water (Invitrogen, 
Carlsbad, CA, USA).  
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3.5 Preparation of smRNA and deep sequencing 
 
Small RNA (smRNA) samples were prepared using a modified version of ‘Preparing 
Samples for Small RNA Sequencing Using Alternative v1.5 Protocol’ (Part # 15002615 Rev. 
A, February 2009, Illumina, San Diego, CA, USA). Briefly, 200-300 ng low molecular 
weight RNA was used. 3' and 5' adaptors were ligated in separate reactions.  The 3' adaptor 
ligation was carried out for 2.5 h at 22 oC and the 5' adaptor ligation was carried out for 1 h at 
22 oC and then overnight at 4 oC. Constructs were isolated at each stage using 15% TBE-Urea 
Gels (Invitrogen).  Reverse transcription was performed using SuperScript® III Reverse 
Transcriptase (Invitrogen).   Deep sequencing was performed with one sample per lane on a 
Genome Analyser IIx (Illumina).  
 
3.6 Data processing 
 
Adaptor trimming of raw data and alignment to the miRBase (Griffiths-Jones, 2004) and M. 
truncatula genome (Mtr 3.5.1)  databases was performed using Novoalign v2.07.18 (Hercus 
and Albertyn, 2011). In the case that a sequence did not align alternative databases were used. 
These were either Genbank (for miRN374, miRN404, miRN404a, miRN477, miRN521a, 
miRN521 and miRN477a) or (http://jcvi.org/cgi-bin/medicago/download.cgi) (for miR172). 
Data normalisation was performed using EdgeR  as described in (Robinson and Oshlack, 
2010). Input was combined 20-25 nt data sets after removing all sequences that did not 
contain at least five reads in any one tissue. The trimmed mean values used to calculate the 
scaling factors were; Mg 30%, Ag 5%. Scaling factors used for normalisation were; NRFC: 
1.0330943, RFC: 1.0744541, RT: 0.8975524, EZ: 1.0037195. The majority of M. truncatula 
miRNAs listed in miRBase are aligned to the Mtr 3.0 database. For this reason when 
identifying new locations for previously published M. truncatula miRNAs, Mtr 3.5.1 was 
substituted with Mt 3.0. Sorting by read length and collation by read count analysis was 
performed using in-house Perl scripts. Duplex energy calculations were done using the 
RNAduplex module of ‘Vienna RNA package’ (Lorenz et al., 2011) using the default 
parameter settings. Duplex energies were calculated as kilocalories per mol. Individual 
miRNA hairpin structures were produced using Mfold-quikfold (RNA 3.0, linear) (Zuker, 
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2003).  When multiple hairpin diagrams were generated a modified version of UNAFold.pl 
was used (Markham and Zuker, 2005). * strand prediction was based on quikfold structures 
and allowed for a miRNA 2 nt 3' overhang. Target prediction was performed using the online 
version of TAPIR  (Bonnet et al., 2010). The minimum score threshold was set to nine and 
the free energy ratio 0.7. Database for target prediction was the Affymetrix GeneChip 
Medicago Genome Array MTGI_V11 available (Affymetrix, Santa Clara, CA, USA). 
Degradome mapping was performed using Cleaveland (Addo-Quaye et al., 2009). 
Degradome datasets were root (GSE26218) and flower (GSM769293) available from the 
NCBI gene expression omnibus (http://www.ncbi.nlm.nih.gov/geo/). An outline of the 
bioinformatic workflow used is shown in Figure 3.2 . 
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Figure 3.2 Bioinformatic Workflow. Summary of steps employed to predict novel miRNAs from unprocessed deep sequencing data. Bioinformatic tools used at each step are shown in red. Refer to section 3.6 Data Processing, for references of software packages used. 
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3.7 Results  
 
3.7.1 Analysis of total small RNA population 
 
Four smRNA transcriptome libraries from M. truncatula tissue were constructed for deep 
sequencing.  Two were isolated from 10-14 day old RFC or NRFC explants when root 
forming stem cell niches were being generated in the RFC only.  A third library was 
constructed from the tissue containing the meristematic region (last 3 mm of root tip) and a 
forth from the elongation zone (10 mm above the root tip). Both were collected from three 
day old seedlings.  Each library produced between 24.5 million and 29.2 million reads (Table 
3.1).  Adaptor trimming and sorting by length revealed, for each tissue set, 24 nt and 21 nt 
sequences as the most common (Figure 3.3). This distribution, with a predominant clustering 
from 21-24 nt is consistent with other smRNA deep sequencing studies across a range of 
species (Li et al., 2011, Peng et al., 2011, Yu et al., 2011, Chen et al., 2012a). At the time of 
writing, miRBase contained 7,703 plant sequences, of which 1,039 (58.6%) were 21 nt. In 
order to maximise the likelihood of identifying novel miRNAs we restricted further analysis 
to this set. The total number of individual sequences for any given sample ranged from 318K 
to 440K (Table 3.1). Exact alignment to the M. truncatula 3.5 genome occurred for 62.1% 
(RT), 63.5% (EZ), 62.7% (RFC) and 60.8% (NRFC) of sequences. In order to analyse 
sequence frequency, identical sequences were collated (Table 3.2). A comparison of the four 
samples showed that between 84% and 87% of sequences, occurred only once, whereas only 
~1.0% or less had ≥ 50 counts.  
 
Table 3.1 Read counts per tissue 
Tissue Total Reads Total 21nt Reads NR 21nt Reads 
NR 21nt reads 
aligned to 
genome 
% 21nt 
reads 
aligned to 
genome 
RT 29,166,809 10,991,470 364,668 226,419 62.1 
EZ 24,499,998 7,623,461 318,168  201,898 63.5 
RFC 24,761,277 9,296,908 402,351 252,282 62.7 
NRFC 24,764,344 14,770,127 439,851 267,618 60.8 
 Total number of all reads from each sample (column 2). Total number of all 21nt reads (column 3). Total non-redundant (NR) 21nt reads (column 4). Total reads were aligned to the M. 
truncatula 3.5 genome databases (columns 4 and 5). RT: Root tip; EZ: Elongation zone; RFC: Root forming callus; NRFC: Non-root forming callus 
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Table 3.2 Frequency of 21nt read counts 
                                                                                    Read Count Frequency  
Sample 1 x % 2-4 x % 5-49 x % 
50-
499 x % 
500-
4999 
x 
% 
5000-
50K 
x 
% ≥50K x % 
RT 317866 87 29436 8 15003 4 2048 0.6 294 0.08 20 0.006 1 0.0003 
EZ 269417 85 34670 11 12318 4 1562 0.5 178 0.1 22 0.007 1 0.0003 
RFC 343291 85 33077 8 22965 6 2664 0.7 320 0.08 31 0.008 3 0.0007 
NRFC 347807 84 38022 9 28087 6 4083 0.9 488 0.1 30 0.007 3 0.0007 
               Frequency each non-redundant 21nt sequence and percentage each frequency represented as a proportion of the total 21nt set for each sample. RT: Root tip; EZ: Elongation zone; RFC: Root forming callus; NRFC: Non-root forming callus 
 
 
 
Figure 3.3 Sequence length distribution. Total read counts of each tissue sample distributed, after adaptor trimming, by sequence length. The distribution, with peaks at 24 and 21 nt, was typical of smRNA deep sequencing profiles in plants 
 
3.7.2 Identification of conserved miRNA, novel to M. truncatula 
 
The full dataset of 21 nt sequences was aligned against miRBase (release 19). We identified 
83 conserved sequences in 44 families. Fifty nine of these had been previously reported in M. 
truncatula and 24, in 8 families, were novel to M. truncatula (Table 3.3, Figure S3.1). 
Members of conserved families miR165 and miR319 were identified for the first time in M. 
truncatula. miRNAs with the highest read counts were from highly conserved families. 
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Isoforms of miR159, miR172 had extremely high counts (≥ 100K reads) and isoforms of 
miR166, miR319 and miR396 (two forms) were also highly abundant (≥ 10K reads). 
Conserved isoforms of miR172, miR166, miR319 and miR396 have not previously been 
reported in M. truncatula.  Counter to previous genome wide small RNA studies (Chen et al., 
2012b, Zhou et al., 2012), we found members of the miR156/157 family under represented 
while counts matching isoforms of miR395 were negligible. A novel isoform of mtr-miR166 
was the most prevalent within its family and had the third highest count overall. Interestingly, 
this sequence is located on the opposite arm to mtr-miR166g within the reported precursor 
and, in other species, has extensively been reported as the passenger strand (Zhang et al., 
2009, Song et al., 2009, Ma et al., 2010).  Two other passenger strand sequences; 
miRNA1507* and miR1509* also had counts markedly higher than sequences previously 
reported as guide strands (Table 3.1).  Additionally, we found 11 previously reported M. 
truncatula miRNA sequences at novel genomic locations (Table S3.1, Figure S3.2). 
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Table 3.3 Sequences with exact matches to 21nt plant mature miRNA listed in miRBase. 
 
1 2 3 4 5 6 7 8 9  10 11 12 13 14 15 16 17 18 
Family Sequence mtr Id RFC NRFC FC RT EZ FC Family Sequence mtr Id RFC NRFC FC RT EZ FC 
156 TGACAGAAGAGAGTGAGCACA1 novel (j-m) 64 139 -2.2 2 25 -12.5 390 AAGCTCAGGAGGGATAGCGCC 390 250 33 7.6 594 610 -1.0 
156 TTGACAGAAGATAGAGAGCAC e,f,h 40 81 -2.0 4492 4047 1.1 396 TTCCACAGCTTTCTTGAACTT a 372 443 -1.2 469 472 1.0 
156 TTGACAGAAGAGAGAGAGCAC novel 178 345 -1.9 52 63 -1.2  396 TTCCACAGCTTTCTTGAACTA novel 33 83 -2.5 5 3 1.7 
156 TTGACAGAAGATAGAGGGCAC g 237 588 -2.5 8454 8728 -1.0  396 TTCCACAGCTTTCTTGAACTG b 19558 15278 1.3 1512 1924 -1.3 
159 TTTGGATTGAAGGGAGCTCTG novel 64 120 -1.9 216 71 3.1  396 GTTCAATAAAGCTGTGGGAAG novel (c) 15571 22008 -1.4 44552 25315 1.8 
159 TTTGGATTGAAGGGAGCTCTA a 340152 545296 -1.6 832331 321056 2.6  396 GCTCAAGAAAGCTGTGGGAGA3 novel (d) 64 19 3.5 615 370 1.7 
159 CTTGGATTGAAGGGAGCTCTA novel 104 349 -3.4 222 92 2.4  397 TCATTGAGTGCAGCGTTGATG novel 57 398 -7.0 3 4 -1.3 
159 TTTGGATTGAAGGGAGCTCTT novel 107 244 -2.3 287 111 2.6 398 TGTGTTCTCAGGTCGCCCCTG b,c 552 18448 -33.4 17 6 2.8 
159 ATTGGAGTGAAGGGAGCTCCA b 0 0 0.0 174 166 1.0 399 TGCCAAAGGAGATTTGCCCAG a,e,f,g 8 58 -7.7 0 0 0.0 
159 TTTGGACTGAAGGGAGCTCTA novel 62 1767 -28.3 198 63 3.2 399 TGCCAAAGGAGATTTGCCCTG c,h,i 0 55 -54.8 0 0 0.0 
160 TGCCTGGCTCCCTGTATGCCA 160,b,d,e 124 2056 -16.6 140 79 1.8 408 ATGCACTGCCTCTTCCCTGGC 408 225 28669 -127.7 16 16 1.0 
162 TCGATAAACCTCTGCATCCAG 162 292 1736 -5.9 179 157 1.1 408  TGCACTGCCTCTTCCCTGGCT novel (a) 1 111 -102.9 0 0 0.0 
164 TGGAGAAGCAGGGCACGTGCA a,b,c 109 752 -6.9 10422 12599 -1.2 482 GGCATGGGATAGTAGGGAAGA 482 388 726 -1.9 5671 4220 1.3 
165 TCGGACCAGGCTTCATCCCCC novel 0 76 -76.4 0 0 0.0 2199 TGATACACTAGCACGGATCAC 2199 416 42 9.8 1227 1602 -1.3 
166 TCGGACCAGGCTTCATTCCCC 166, e ,g h, 5117 24340 -4.8 6430 3424 1.9 1507 CCTCGTTCCATACATCATCTAG 1507 4754 705 6.7 1544 1183 1.3 
166 TCGGACCAGGCTTCATTCCTA b 113 450 -4.0 915 510 1.8 1507* AGAGTTGTATGGAACGAAAGA 1507* 1488 1056 1.4 3746 2899 1.3 
166 GGAATGTTGTCTGGCTCGAGG novel (i) 37676 80404 -2.1 38606 15928 2.4 1509 TTAATCTAGGAAAATACGGTG 1509 158 62 2.5 139 154 -1.1 
166 GGAATGTTGGCTGGCTCGAGG novel (j) 1548 1507 1.0 3741 1516 2.5 1509* ACCGGATTTCCTTGATTAAAG 1509* 2801 6202 -2.2 8090 5887 1.4 
166 TCTCGGACCAGGCTTCATTCC novel (k-n) 104 100 1.0 1335 689 1.9 1510 CGGAGGATTAGGTAAAACAAC a 515 222 2.3 93 80 1.2 
167 TGAAGCTGCCAGCATGATCTG b 1627 1309 1.2 724 273 2.7 1510 TTGTCTTACCCATTCCTCCCA 1510a 159 224 -1.4 460 534 -1.2 
167 TGAAGCTGCCAGCATGATCTA 167 230 59 3.9 37 51 -1.4 1510 ACATGGTCGGTATCCCTGGAA b 389 210 1.9 9 8 1.1 
167 TGAAGCTGCCAGCATGATCTT novel 150 33 4.6 8 5 1.6 1510 CCATGGATCCCTACCATGTGG b* 112 212 -1.9 59 113 -1.9 
168 TCGCTTGGTGCAGGTCGGGAA b,c 1995 9013 -4.5 1553 738 2.1 2086 GACATGAATGCAGAACTGGAA 2086 399 440 -1.1 780 579 1.3 
168 CCCGCCTTGCATCAACTGAAT 168c* 243 3424 -14.1 462 235 2.0 2086 CCAGTTCTGCGTTCATGTCCC 2086* 30 169 -5.6 46 35 1.3 
169 CAGCCAAGGATGACTTGCCGG g,j 2717 7210 -2.7 802 487 1.6 2087 GAAGTAAAGAACCGGCTGCAG 2087 157 208 -1.3 3 1 3.0 
169 CAGCCAAGGGTGATTTGCCGG c,k 17 839 -48.8 1350 596 2.3 2088 TCCAATGTAATCTAGGTCTAC b 58 182 -3.1 98 128 -1.3 
169 AAGCCAAGGATGACTTGCCGG d,l 0 1 -1.0 328 300 1.1 2089 AGGATTGGTGTAATAGGTAAA 2089* 84 62 1.4 29 30 -1.0 
169 GAGCCAAGGATGACTTGCCGG m 2 1 2.1 289 258 1.1 2111 TAATCTGCATCCTGAGGTTTA    a to f,h to s,u,v 6 0 6.4 187 158 1.2 
169 TGAGCCAGGATGGCTTGCCGG p 0 0 0.0 72 40 1.8 2592 AAATGCTTGAGTCATGTTGTT s 57 2 27.6 1 0 1.0 
169 TGAGCCAGGATGACTTGCCGG q 0 1 -1.0 100 59 1.7 2592 AAATGCTTGAGTCCTGTTGTT b to r, an,ao,a.2 39 13 2.9 11 4 2.8 
171 CGATGTTGGTGAGGTTCAATC novel (b) 876 211 4.2 508 437 1.2 2593 TTAAATGAATGAACCTAGAAT a,b,c 63 22 2.9 44 19 2.3 
171 TTGAGCCGTGCCAATATCACG f 68 89 -1.3 7 5 1.3 2610 AGATTGAGACTTGTATGGCTT a,b 20 68 -3.3 8 15 -1.9 
171 TGATTGAGCCGCGTCAATATC b 56 1 54.1 45 39 1.1 2612 TGATAGTGTCAACTAGTACAG a,b 33 5 6.4 293 252 1.2 
171 TTGAGCCGCGCCAATATCACT novel (i) 617 162 3.8 576 257 2.2 2620 TCTGATAGACACCGGCTCTGC4 2620 10 87 -9.0 14 9 1.6 
172 AGAATCCTGATGATGCTGCAG 172 242 26 9.4 133 131 1.0 2623 TCGGCTGTACTGTCCTTCATG 2623 122 8 14.8 21 23 -1.1 
172 AGAATCTTGATGATGCTGCAG2 novel (d) 128964 66495 1.9 2627 2463 1.1 2643 TTTGGGATCAGAAATTAGAGA 2643,b 181 200 -1.1 112 70 1.6 
172 GGAATCTTGATGATGCTGCAG novel 63 27 2.4 3 4 -1.2 2661 TAGGTTTGAGAAAATGGGCAG 2661 189 310 -1.6 68 34 2.0 
172 AGAATCTTGATGATGCTGCAT b,c 5935 89 66.8 879 1659 -1.9 2633 TGACATTTTGCTCCAGATTCA 2633 5 5 1.0 117 122 -1.0 
181 AACATTCAACGCTGTCGGTGA novel 776 10 75.1 0 1 1.0 2666 CGAAAGTGAGGATATCAAGGA 2666 63 63 1.0 15 8 1.9 
319 TTGGACTGAAGGGAGCTCCCT novel (b-d) 216 15299 -70.8 7466 2920 2.6 5204 GCTGGAAGGTTTTGTAGGAAC 5204 0 7 -7.2 99 42 2.4 
319 CTTGGACTGAAGGGAGCTCCC novel (e-g) 9 98 -11.4 367 70 5.3 5262 TCTGTCAGTAGACTCAATTTC 5262 61 0 61.2 52 38 1.4 
319 TTGGACTGAAGGGAGCTCCCA novel (a) 1 159 -148.1 48 16 3.0          
Columns 3 and 12 show identifiers for M. truncatula (mtr) if listed in miRBase. Conserved sequences, new to mtr, are marked as ‘novel’. Identifiers for novel sequences, shown in brackets, are the first available in miRBase and are 
tentative. RFC: root forming callus. NRFC: non-root forming callus. RT: root tip. EZ: elongation Zone. Figures in corresponding columns are normalised read counts, minimum 50 in any one sample. FC: Fold change, shows relative 
expression between tissues in preceding 2 two columns. +ve = up in RFC or RT, -ve  =  up in NRFC or EZ. 1 mtr-miRb,c,d,i is 20nt and aligns exactly within 21nt sequence listed; 2 mtr-miR172b and 172c are 20nt and align exactly within 
21nt sequence listed;  3Sequence is gma-miR396b-3p, *seq is  mtr-miR396a;  4 Aligns exactly within 22nt mtr-miR2630 
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3.7.3 Identification of non-conserved miRNAs, novel to M. truncatula 
 
In order to identify novel miRNAs, 1,197 non-conserved sequences from our data showing 
high expression levels were examined. The genomic region of each was searched for nearby, 
highly complementary sequences (duplex sequences). These sequences were analogous to, 
but not necessarily the same as, the miRNA* strand and were treated as indicators of the 
presence of a characteristic miRNA hairpin structure. In general, duplexes producing ΔE ≤ -
28 kcal/mol were associated with hairpin structures conforming to canonical pre-miRNA 
(Table S3.2, Figure S3.3). Of the 38 novel miRNAs predicted only four had duplex ΔE 
greater than -28 kcal/mol and none greater than -24 kcal/mol. To validate this procedure an 
identical analysis of all plant miRNAs in miRBase was performed (data not shown) revealing 
50% of the miRNAs had duplex energy less than ΔE -28 kcal/mol. The miRNA* is degraded 
in vivo during miRNA biogenesis. Nevertheless, it is often detected in deep sequencing data, 
albeit at much reduced levels compared to the miRNA (Mi et al., 2008, Breakfield et al., 
2012). We calculated the * sequences for each predicted structure and found 18 for 35 
predicted miRNAs in the deep sequencing data (Table S3.2), suggesting many of the 
stemloop structures were targeted for miRNA processing by DCL1. 
 
3.7.4 Validation of mature miRNAs by qRT-PCR  
 
Validation of mature miRNAs was performed by qRT-PCR analysis (Figure 3.4). Taqman® 
MicroRNA Assays were used to detect the mature forms of miRNAs.  Conserved miRNAs 
miR172, miR166-5p and miR166-3p were detected. Congruent with the deep sequencing data 
miR166-5p had stronger expression than miR166-3p. Also validated were a predicted novel 
miRNA, miRN304. This is contained within the same precursor as mtr-miR2087, a 
previously validated M. truncatula miRNA (Szittya et al., 2008). Both sequences were 
mapped to singular genomic locations. As would be expected for miRNAs processed from 
the same precursor the expression pattern between tissues was very similar.  
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Figure 3.4  qRT-PCR validation of mature miRNA sequences detected by deep sequencing. Normalised TAQMAN assay data. Conserved and novel 21 nt sequences were detected in the small RNA libraries of each sample. Probe specific to U6 mRNA (not shown) was included as a mean centred control for normalisation. Error bars indicate 1 standard error of three biological replicates. 
 
3.8 Validation of miRNAs-guided cleavage of target mRNAs by 5' RACE 
 
To further validate our data we detected two predicted cleavage products using 5’ RACE 
(Figure 3.5). Our data contained four isoforms of miR172. A conserved sequence (ath-
miR172d) represented 96% of miR172 isoforms and was amongst the most prolific in our 
data but had not previously been reported in M. truncatula. Using TAPIR, each isoform was 
predicted to target the APETELA2 (AP2) domain transcription factor Mtr.41294.1.S1_at. In 
A. thaliana, miR172 targets multiple AP2 domain genes regulating flowering time through 
both cleavage and translational attenuation (Aukerman and Sakai, 2003). We detected 
cleavage at an identical 21 nt sequence to the target region of A. thaliana APETALA2 
(At4g36920). miRN304 is contained on the same precursor as miR2087 and its sequence is 
unique to M. truncatula. We predicted miRN304 to target  HB7 (TC175771, XP_003627511)  
a HD-Zip I transcription factor. Cleavage of HB7 by miRN304 was confirmed.     
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Figure 3.5 RACE confirmation of predicted miRNA target sites. (A) Confirmation of cleavage of Mt- APETALA2 by miR172.  Targeting was predicted for four isoforms of miR172 (miR172d shown) (B) Confirmation of Mt-HB7 cleavage by novel miRNA miRN304.  In both cases cleavage was between positions 10-11 (arrows) relative to miRNA. 
 
3.9 Differential expression analysis 
 
Differential expression for RT/EZ and RFC/NRFC was calculated for all conserved and 
predicted novel miRNAs (including * strands) listed in Table 3.3 and S3.1.  Forty one had ≥ 
1.5 fold change between RT and EZ. Only miRN482 and miRN1112 had differential 
expression greater than threefold. The majority (68%) of miRNAs with ≥ 1.5 fold change 
were up regulated in the RT Table 3.4. Differential expression of miRNAs between RFC and 
NRFC was much higher. Thirty seven miRNAs were expressed greater than fivefold. Of 
these, 15 had differential expression fold changes greater than 50 (Table 3.5).  
  
3.9.1 Prediction of miRNA targets:  Differentially expressed genes 
 
Genes previously identified as differentially expressed between RT and EZ (Holmes et al., 
2008) plus RFC and NRFC (Holmes et al., 2010) were used as a database for target 
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prediction. Targets were predicted for all conserved and novel miRNAs identified listed on 
Table 3.4 and Table 3.5. Thirty six miRNA/target interactions were identified (Table 3.6). 
Fourteen miRNAs were from conserved families and five were novel. Only four miRNAs 
were predicted to target genes differentially expressed between RFC and NRFC. Twelve 
potential miRNA/target pairs showed an inverse miRNA/target relationship (an increase in 
miRNA expression produces a down regulation of the target). Three highly similar isoforms 
of miR396 had multiple targets including transcription factor homologues 
(Mtr.31411.1.S1_at and Mtr.27107.1.S1_at). Other predicted targets have potential roles in 
root formation. These include ENDO-1 (Nicol et al., 1998) Mtr.13919.1.S1_s_at, ARF1 
(Inukai et al., 2005) (Mtr.39233.1.S1_at) and a LACCASE-LIKE protein 
(Mtr.41285.1.S1_at) (Zhang et al., 2012).    
3.9.2 Prediction of miRNA targets: Whole transcriptome 
 
We predicted targets for conserved miRNAs not previously identified in M. truncatula (Table 
3.3) and predicted novel M. truncatula miRNAs (Table S3.2). Targets predictions were 
disregarded if they had insignificant expression levels or indistinct expression patterns or if 
they were considered not be involved in the regulation of root development or growth. We 
identified 32 targets for 16 conserved miRNAs (Table S3.3) and 28 targets for 15 novel 
miRNAs (Table S3.4). Transcription factors involved in stress responses and development 
featured amongst the predicted targets of these miRNAs. Additionally, the sequences from 
both tables were also mapped to the available M. truncatula degradome databases contained 
at GEO datasets. Of the novel sequences, we were able to match only miRN404 to 
degradome data. The current M. truncatula degradome resources are limited to one flower 
(Zhai et al., 2011) and one root (Devers et al., 2011) database. As more become available we 
feel it is likely that data matching more of these predictions will emerge. This is illustrated by 
the fact that no match was identified for miRN304 despite confirmation of HB7 cleavage by 
5' RACE. We also confirmed cleavage of mt-APETALA (Mtr.49221.1.S1_at) but were unable 
to locate a coinciding tag within the root degradome database. The non-conserved nature, 
however, of many these miRNAs suggests that until further validation is undertaken, these 
miRNA/target predictions should be treated with caution. 
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Table 3.4 Differential expression of miRNAs between root tip (RT) compared to elongation zone (EZ). 
     
Family Sequence RT EZ FC 
miRN482 TGCCGGTCGGGGGACGGACTG 733 165 4.5 
miRN1112 CGACGTCGAGTTGGCGGCGGA 142 46 3.1 
miR319-novel CTTGGACTGAAGGGAGCTCCC 199 70 2.8 
miR159-novel TTTGGACTGAAGGGAGCTCTA 156 63 2.5 
miR159-novel TTTGGATTGAAGGGAGCTCTG 174 71 2.4 
mtr-miR159a TTTGGATTGAAGGGAGCTCTA 663804 323449 2.1 
miR319-novel TTGGACTGAAGGGAGCTCCCT 5951 2942 2.0 
miRN537 GGTCGGGGGACGGACTGGGAA 480 238 2.0 
mtr-miR167b TGAAGCTGCCAGCATGATCTG 546 275 2.0 
miR159-novel TTTGGATTGAAGGGAGCTCTT 221 111 2.0 
miR166-novel GGAATGTTGGCTGGCTCGAGG 2938 1528 1.9 
miR166-novel GGAATGTTGTCTGGCTCGAGG 30625 16046 1.9 
miR159-novel CTTGGATTGAAGGGAGCTCTA 176 92 1.9 
miRN105 GAATGTTGTCTGGCTCGAGGA 448 238 1.9 
miRN537* CCCAGTTTCGAACCCGTCGGC 108 58 1.9 
miRN521a TGAATTATGAGAACTTGAAGC 543 300 1.8 
mtr-miR169c,k CAGCCAAGGGTGATTTGCCGG 1080 600 1.8 
miR171-novel TTGAGCCGCGCCAATATCACT 457 259 1.8 
mtr-miR2661 TAGGTTTGAGAAAATGGGCAG 60 34 1.8 
miRN1137 GTGGAGTGTGGGACAGCTTGC 101 57 1.8 
mtr-miR168b,c TCGCTTGGTGCAGGTCGGGAA 1244 744 1.7 
miRN404a TTGAATTATGAGAACTTGAAG 10570 6464 1.6 
mtr-miR166,e,g,h TCGGACCAGGCTTCATTCCCC 5102 3450 1.5 
mtr-miR396b TTCCACAGCTTTCTTGAACTG 1329 1931 -1.5 
mtr-miR2088b TCCAATGTAATCTAGGTCTAC 88 128 -1.5 
mtr-miR2199 TGATACACTAGCACGGATCAC 1089 1608 -1.5 
miRN430 GCTCTCTAGACTTCTGTCATC 1507 2235 -1.5 
miR156-novel TTGACAGAAGAGAGAGAGCAC 42 63 -1.5 
mtr-miR164a,b,c TGGAGAAGCAGGGCACGTGCA 8270 12693 -1.5 
mtr-miR1509 TTAATCTAGGAAAATACGGTG 87 155 -1.8 
mtr-miR167 TGAAGCTGCCAGCATGATCTA 29 51 -1.8 
miRN1104 GTCCTCGGGATACAGATTACT 159 290 -1.8 
miRN1183 TGTAATCAATGCATTAAATGC 80 174 -2.2 
mtr-miR1510b* CCATGGATCCCTACCATGTGG 52 113 -2.2 
mtr-miR172b,c AGAATCTTGATGATGCTGCAT 695 1671 -2.4 
miRN430* TGACAGAAGATAGAGGGCACT 22 62 -2.8 
 Identifiers prefixed miRN are non-conserved mature sequences. ‘novel’ after identifier denotes conserved mature miRNA not previously reported in M. truncatula. ‘mtr’ denotes miRNA previously reported in M. truncatula.  Minimum fold change 1.5. +(ve) values: Up in RT. –(ve) up in EZ.  FC: Fold change. 
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Table 3.5 Differential expression of miRNAs  between root forming callus (RFC) compared to non-root forming callus (NRFC) 
Family Sequence RFC NRFC FC 
miRN708 TCCGAGATATTTGATCGGAGG 143 1 138.3 
miRN721 GATGTAGGCCTAGATTACATT 99 1 95.7 
miR181-novel AACATTCAACGCTGTCGGTGA 765 10 74.1 
mtr-miR172b,c AGAATCTTGATGATGCTGCAT 5879 87 67.8 
miRN1183 TGTAATCAATGCATTAAATGC 64 0 64.5 
miR181-novel AACATTCATTGCTGTCGGTGG 64 1 62.4 
miRN756 TTAGGTTCATTCAATTAATGA 56 1 54.1 
mtr-miR171b TGATTGAGCCGCGTCAATATC 55 1 53.0 
mtr-miR2592s AAATGCTTGAGTCATGTTGTT 56 2 27.0 
mtr-miR2623 TCGGCTGTACTGTCCTTCATG 117 8 14.2 
mtr-miR2199 TGATACACTAGCACGGATCAC 416 41 10.1 
mtr-miR172 AGAATCCTGATGATGCTGCAG 240 25 9.7 
miRN404a TTGAATTATGAGAACTTGAAG 257 32 8.0 
mtr-miR390 AAGCTCAGGAGGGATAGCGCC 247 32 7.7 
miRN073 CAGGGAACATGCAGAGCATGG 667 3488 -5.2 
miRN105* CTCGGACCAGGCTTCATTCCC 46 257 -5.6 
mtr-miR2086* CCAGTTCTGCGTTCATGTCCC 30 168 -5.6 
mtr-miR162 TCGATAAACCTCTGCATCCAG 290 1725 -5.9 
mtr-miR1507 CCTCGTTCCATACATCATCTAG 705 4754 -6.7 
mtr-miR164a,b,c TGGAGAAGCAGGGCACGTGCA 107 746 -6.9 
miR397-novel TCATTGAGTGCAGCGTTGATG 57 396 -6.9 
miR319-novel CTTGGACTGAAGGGAGCTCCC 8 55 -7.3 
mtr-miR399a,e,f,g TGCCAAAGGAGATTTGCCCAG 8 57 -7.6 
mtr-miR2620 TCTGATAGACACCGGCTCTGC 10 87 -9.0 
miRN304 GTCGGTTTCTTACTTCGGTAG 71 938 -13.2 
mtr-miR160a,b,d,e TGCCTGGCTCCCTGTATGCCA 120 2037 -16.9 
miRN537* CCCAGTTTCGAACCCGTCGGC 34 696 -20.3 
mtr-miR398b,c TGTGTTCTCAGGTCGCCCCTG 551 18303 -33.2 
mtr-miR169c,k CAGCCAAGGGTGATTTGCCGG 17 831 -48.3 
mtr-miR399c,h,i TGCCAAAGGAGATTTGCCCTG 0 55 -54.8 
miR319-novel TTGGACTGAAGGGAGCTCCCT 215 15175 -70.6 
miR165-novel TCGGACCAGGCTTCATCCCCC 0 75 -75.4 
miR408-novel TGCACTGCCTCTTCCCTGGCT 1 110 -101.9 
mtr-miR408 ATGCACTGCCTCTTCCCTGGC 223 28474 -127.4 
miR319c,d TTGGACTGAAGGGAGCTCCCA 1 157 -146.1 Identifiers prefixed ‘miRN’ are non-conserved mature sequences. ‘novel’ after identifier denotes conserved miRNA not previously reported in M. truncatula . ‘mtr’ denotes miRNA previously reported in M. truncatula. Minimum fold change 5. +(ve) values: Up in RFC. –(ve) up in NRFC FC: Fold change. 
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Table 3.6 miRNAs predicted to target differentially expressed genes.  
Differential Expression: RT/EZ 
1 2 3 4 5 6 7 8 
 Predicted Target RT/EZ IMGAG Annotation miRNA Family Identifier Sequence Mtr-Id RT/EZ 
Mtr.13919.1.S1_s_at -2.1 ENDO-1, homologue 159 - ATTGGAGTGAAGGGAGCTCCA b  1.0 
Mtr.39233.1.S1_at 2.1 Auxin response factor 10  160 - TGCCTGGCTCCCTGTATGCCA b,d,e 1.8 
Mtr.44316.1.S1_at -2.0 Matrix metalloproteinase Mtr.13919.1.S1_s_at 166 - TCGGACCAGGCTTCATTCCTA b 1.8 
Mtr.42745.1.S1_at 2.1 unknown protein 171 - TTGAGCCGCGCCAATATCACT none 2.2 
Mtr.31411.1.S1_at 2.9 transcription activator, homologue 396 - TTCCACAGCTTTCTTGAACTT a 1.0 
     "                  " 2.9 transcription activator homologue 396 - TTCCACAGCTTTCTTGAACTA none 1.7 
Mtr.27107.1.S1_at 2.5 bHLH TF, MYC1 homologue 396 - TTCCACAGCTTTCTTGAACTT a 1.0 
    "                  " 3.5 bHLH TF, MYC1 homologue 396 - TTCCACAGCTTTCTTGAACTA none 1.7 
    "                  " 4.5 bHLH TF, MYC1 homologue 396 - TTCCACAGCTTTCTTGAACTG b -1.3 
Mtr.13651.1.S1_at 2.1 Growth-regulating factor 1 homologue 396 - TTCCACAGCTTTCTTGAACTT a 1.0 
     "                  " 2.1 Growth-regulating factor 1 homologue 396 - TTCCACAGCTTTCTTGAACTA none 1.7 
     "                  " 2.1 Growth-regulating factor 1 homologue 396 - TTCCACAGCTTTCTTGAACTG b -1.3 
Mtr.11663.1.S1_at 2.1 unknown protein 396 - TTCCACAGCTTTCTTGAACTT a 1.0 
    "                  " 2.1 unknown protein 396 - TTCCACAGCTTTCTTGAACTA none 1.7 
    "                  " 2.1 unknown protein 396 - TTCCACAGCTTTCTTGAACTG b -1.3 
Mtr.41285.1.S1_at 2.1 Laccase homologue 397 - TCATTGAGTGCAGCGTTGATG none -1.3 
Mtr.33785.1.S1_at 2.9 unknown protein 2592 - AAATGCTTGAGTCCTGTTGTT b to r, an,ao,a.2 2.8 
Mtr.9921.1.S1_at 3.4 Pectinesterase like protein  2593 - TTAAATGAATGAACCTAGAAT a,b,c 2.3 
Mtr.36149.1.S1_s_at -2.6 Lectin-like protein kinase-like 2610 - AGATTGAGACTTGTATGGCTT a,b -1.9 
Mtr.9397.1.S1_at 2.3 unknown protein 2612 - TGATAGTGTCAACTAGTACAG a,b 1.2 
Mtr.13941.1.S1_at 2.0 GPI inositol-deacylase PGAP1-like  2623 - TCGGCTGTACTGTCCTTCATG 2623 -1.1 
Mtr.44316.1.S1_at -2.0 Matrix metalloproteinase 166 miRN105* CTCGGACCAGGCTTCATTCCC none 1.1 
Mtr.52116.1.S1_at -2.0 Glyceraldehyde, dehydrogenase-like 166 miRN105 GAATGTTGTCTGGCTCGAGGA none 1.9 
Mtr.15042.1.S1_at -2.2 Histidine kinase-like\ - miRN1183 TGTAATCAATGCATTAAATGC none -2.2 
Mtr.14976.1.S1_at -2.1 Dienelactone hydrolase  1510 miRN395 TGGAGGATCAGGTAAAACAAC none 1.1 
Mtr.44006.1.S1_s_at 2.7 DNA-3-methyladenine glycosidase I-like protein - miRN404a TTGAATTATGAGAACTTGAAG none 1.6 
Mtr.17167.1.S1_at 2.0 Methyladenine glycosylase - miRN404a TTGAATTATGAGAACTTGAAG none 1.6 miRNA sequences, novel to M. truncatula, predicted to target differentially expressed genes described in Holmes et al. (2008 and 2010). ‘Identifier’ is used in this manuscript only.   miRNA (column 6) and its predicted target gene (column 1).  Columns 2 and 8 show expression fold change for target gene and miRNA, respectively. For RT/EZ comparison: +(ve) values: Up in RT. –(ve) up in EZ. For RFC/NRFC comparison: +(ve): Up in RFC. –(ve) up in NRFC 
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Table 3.6 miRNAs predicted to target differentially expressed genes. 
Differential Expression: RT/EZ (cont) 
1 2 3 4 5 6 7 8 
 Predicted Target RT/EZ IMGAG Annotation miRNA Family Identifier Sequence Mtr-Id RT/EZ 
Mtr.39280.1.S1_at -2.0 Homeodomain protein, HB2 homologue 
 
- miRN430 GCTCTCTAGACTTCTGTCATC none -1.5 
Mtr.44006.1.S1_s_at 2.7 DNA-3-methyladenine glycosidase I-like - miRN477 TTTTGAATTATGAGAACTTGA none 1.4 
Mtr.17167.1.S1_at 2.0 Methyladenine glycosylase - miRN477 TTTTGAATTATGAGAACTTGA none 2.4 
Mtr.15787.1.S1_at -2.1 Protein kinase-like - miRN477 TTTTGAATTATGAGAACTTGA none 3.4 
 
Differential Expression: RFC/NRFC 
1 2 3 4 5 6 7 8 
Predicted Target RFC/NRFC IMGAG Annotation miRNA Family Identifier Sequence Mtr-Id RFC/NRFC 
Mtr.9478.1.S1_at 3.6 Laccase-like protein, 397 - TCATTGAGTGCAGCGTTGATG none -6.9 
Mtr.41019.1.S1_at -2.4 Specific tissue protein 1, homologue - miRN246* GCTTACTCTCTATCTGTCACC 156 -2.4 
Mtr.41019.1.S1_at -2.4 Specific tissue protein 1, homologue 156 - TGACAGAAGAGAGTGAGCACA none -2.1 
Mtr.35660.1.S1_at -2.4 Lipid transfer protein-like 159 - TTTGGATTGAAGGGAGCTCTG none -1.8 miRNA sequences, novel to M. truncatula, predicted to target differentially expressed genes described in Holmes et al. (2008 and 2010). ‘Identifier’ is used in this manuscript only.   miRNA (column 6) and its predicted target gene (column 1).  Columns 2 and 8 show expression fold change for target gene and miRNA, respectively. For RT/EZ comparison: +(ve) values: Up in RT. –(ve) up in EZ. For RFC/NRFC comparison: +(ve): Up in RFC. –(ve) up in NRFC 
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3.9.3 Discussion  
 
The development of global gene expression tools such as deep sequencing has enabled the 
study of differential expression within entire transcriptomes. In M. truncatula transcriptional 
profiling has previously been performed using Affymetrix GeneChip® technology to identify 
genes involved in root formation. Holmes et al. (2008, 2010) compared root meristematic 
(root tip) and non-meristematic (elongation zone) tissue as well as in vitro root forming 
(RFC) and non-root forming (NRFC) callus tissue identifying a number of differentially 
expressed genes involved in the regulation of root meristem and root stem cell niche 
formation. miRNAs perform a diverse range of functions including regulation of 
development and cell fate (Carlsbecker et al., 2010, Boualem et al., 2008, Guo et al., 2005) 
by targeting key developmental genes including transcription factors (Sun, 2012). We looked 
for known or putative miRNAs that potentially target genes involved in root development. Of 
particular interest included the AP2-domain PLETHORA1 and 2, BABYBOOM1 (aka 
PLT4), GRAS transcription factors SHORTROOT and SCARECROW, homeodomain 
containing WOX5, and members of the AUXIN RESPONSE FACTORS (Young et al.) 
family, all of which are conserved and perform crucial developmental functions. As miRNAs 
have been previously shown to be involved in plant development we believed it likely that 
miRNA profiling in the same tissues would show a similar differential expression pattern. 
 
RT tissue comprises multiple tissue types. Primarily it consists of the RAM which contains 
the functional initials: pluripotent stem cells also known as the quiescent centre (QC). These 
serve to maintain the surrounding cells, the structural initials, also stem cells, in a pluripotent 
state and to slow their division. The RT also contains some of the daughter cells of the 
structural initials which have moved beyond the influence of the QC. Additionally, RT tissue 
contains cells of the root cap.  In contrast, the EZ consists of elongating daughter cells of the 
RAM undergoing differentiation (Tsukagoshi et al., 2010). When leaf explants are cultured 
on media containing auxin, cells at the wounded leaf margins are induced to function as 
pluripotent stem cells able to form callus, emanating from the procanbrium, and ultimately 
roots (Rose et al., 2006). If the media also contains cytokinin, a repressor of root growth, calli 
formation occurs, emanating from proliferating mesophyll cells, but root formation does not 
(Wang et al., 2011c).  
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The growth of in vitro roots requires the formation of stem-cell niches and ultimately 
meristems at the site of initiation and it is likely that auxin plays a key role including altering 
the redox environment to that required by the QC (Jiang et al., 2003). The RFC tissue was 
collected at the early stages of auxin-induced calli formation, a time point at which they are 
very likely enriched in cells that have committed to root formation, especially when 
compared to NRFC tissue.  
 
Previous comparative studies showed 608 genes differentially expressed (over two-fold) 
between RT and EZ and 274 between RFC and NRFC (Holmes et al., 2010, Holmes et al., 
2008). We deep sequenced the small RNA component of these tissues to identify miRNAs 
that target genes previously identified as involved in root development. After initial data 
analysis we retained only 21 nt sequences with at least 50 reads in any one tissue sample 
(Table 3.4 and Table 3.5).  We found the greatest expression change was between RFC and 
NRFC. Between RT and EZ, no miRNA had differential expression more than five-fold 
compared to 37 miRNAs between RFC and NRFC.  We found 17 sequences with ≥ 50-fold 
differential expression between RFC and NRFC. Of the 24 miRNAs expressed with ≥ 10-fold 
change between RFC and NRFC, twelve were higher in RFC and another twelve in NRFC. 
Of those up-regulated in NRFC, nine are conserved of which only miR160 has not been 
shown to be up-regulated in response to drought or salinity (Sun, 2012, Trindade et al., 2010). 
Overall, these miRNAs also had much higher read counts than those up-regulated in RFC 
suggesting strong induction. It is possible therefore that many conserved miRNAs are stress 
responsive and that the repression of root growth by cytokinin shares genetic elements with 
abiotic stress response. Some evidence for this has been seen previously in studies suggesting 
that increased cytokinin levels may instigate drought stress responses in A. thaliana 
(Nishiyama et al., 2011) and rice (Peleg et al., 2011). 
 
We compared predicted targets for all conserved and novel miRNAs with the data produced 
by the studies of Holmes et al. 2008, 2010.  Initially, we looked for miRNA/target 
interactions with inverse expression patterns as this is the most common, but not exclusive, 
mode of mRNA action. When we applied the criteria of at least a two-fold expression change 
in the target transcript between tissues, we identified 12 potential miRNA/target pairs with 
inverse expression patterns (Table 3.6). Notable amongst these is miR397 and its predicted 
target Mtr.9478.1.S1_at, a Cu+ -binding/laccase homologue. Although miR397 is highly 
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conserved and has been widely studied, no family member has previously been reported in M. 
truncatula. A BLAST search also showed very strong conservation of the predicted target 
region amongst laccase-like genes across multiple species. Comparison of the M. truncatula 
predicted target site and those validated in A. thaliana (Abdel-Ghany and Pilon, 2008a) show 
very high conservation. We note with interest that the miR397, miR408 and miR398 family 
members represented in our data share highly similar expression patterns.  Notably, each was 
strongly up-regulated in the cytokinin treated NRFC tissue. All have been shown to be 
involved in maintenance of copper homeostasis (Abdel-Ghany and Pilon, 2008a, Yamasaki et 
al., 2009).  
 
Other miRNAs and their targets did not show the same inverse expression pattern but may 
also indicate a functional miRNA/target interaction. miR160 is conserved and targets ARFs 
in multiple species (Sun, 2012). Eight ARFs were predicted to be targeted by mtr-miR160 
(isotypes a,b,d,e). Three were ARF10 homologues (Mtr.39233.1.S1_at, Mtr.25836.1.S1_at, 
Mtr.10054.1.S1_at), and five ARF17 homologues (Mtr.33918.1.S1_at, Mtr.33918.1.S1_at, 
Medtr5g061220, Mtr.21419.1.S1_at, Medtr5g060630). Mtr.39233.1.S1_at, a homologue of 
A. thaliana ARF10, is up-regulated in meristematic tissue (Holmes et al., 2008) and controls 
stem cell niche size in the root cap. In RT, miR160 is up-regulated in conjunction with 
ARF10 presumably to restrict the size of the niche (Wang et al., 2005b). In A. thaliana, 
mir160 has also been shown to be involved in adventitious root development where it is 
induced by ath-ARF6 and targets ath-ARF17 in a self-regulating feed-back loop (Gutierrez et 
al., 2009). 
 
3.10 miRNAs were predicted to target important developmental genes 
 
Alignment of all 21 nt read sequences against miRBase database revealed 24 sequences not 
previously reported in M. truncatula (Table 3.3, Figure S3.1) but which are conserved in 
other plant species. We used duplex energy calculation and RNA precursor folding to predict 
16 conserved miRNAs, novel to M. truncatula in 8 families (Table S3.3 and Figure S3.1). In 
these cases, the duplex energy threshold was relaxed to -23 kcal/mol as sequence 
conservation is a strong miRNA predictor, therefore less folding stringency was required than 
for novel miRNA prediction. Target prediction showed the likelihood that the miRNA/target 
relationship conserved across plant species is largely maintained in the M. truncatula 
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miRNAs predicted here. We predicted targets which we considered to be biologically 
significant for every conserved miRNA listed in Table S3.3 except for miR166i. This result 
reinforces conservation as a strong predictor of miRNAs. We identified three members of the 
miR171 family; mtr-miR171b, mtr-miR171f and novel sequence (provisionally designated 
miR171i) conserved across a high number of plant species. Each of these sequences targets 
homologues (Mtr.37696.1.S1_at and Mtr.41007.1.S1_at) of SCARECROW-LIKE (GRAS 
family transcription factors). The region of greatest conservation is small (~30 nt) but 
contains the target region for each of the miR171 isoforms. In A. thaliana, SCARECROW is 
expressed in the cortical/endodermal initials, endodermis and quiescent centre (Hashimura 
and Ueguchi, 2011) where it contributes to stem cell maintenance (Sabatini et al., 2003). In A. 
thaliana, miR171 has been shown to target SCARECROW-LIKE-II (At2g45160) and 
SCARECROW-LIKE-III (At3g60630) (Llave et al., 2002). 
 
Amongst the predicted targets for all novel (Table S3.3) and conserved (Suppl. Table S3.4) 
miRNAs, we identified 11 targets that encode transcription factors involved in various 
developmental processes. We also predicted nine F-box domain annotated proteins. These are 
known to be involved in the ubiquitination pathway and are often activated during stress 
response (Sepulveda-Garcia and Rocha-Sosa, 2012). Included were miRN395, which shares a 
19/21 nucleotide identity with miR1510 and is conserved in Glycine max and G. soja. It is 
predicted to target (Mtr.46578.1.S1_at), a homologue of A. thaliana F-box protein 
SLOWMO, required for auxin homeostasis. SLOWMO mutants in A. thaliana show 
increased lateral root density (Lohmann et al., 2010).  miRN246 was predicted to target an 
EXPANSIN homologue (Mtr.22752.1.S1_s_at), a class of protein involved in cell elongation 
and asymmetric cell division, a process seen during functional initial division in root 
meristems. Multiple EXPANSIN proteins have been shown to be active in roots of 
developing seedlings (Shin et al., 2005).   
 
3.11 mir156, miR159 and miR172 were strongly expressed in all tissues 
 
The majority of well documented conserved miRNAs identified have been reported to have 
multiple roles covering both development and stress response. While the function of many of 
these have been well characterised we note a number had very strong expression in our 
samples. We found strong expression of mtr-miR156 and miR164a,b,c in RT compared to the 
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other tissue samples. Members of the miR156 and miR172 families operate in the same 
pathway and are conserved across a broad range of plant species.  miR156 targets the 
SBP/SPL family of transcription factors (Xing et al., 2010) and miR172 targets AP2 genes 
(Aukerman and Sakai, 2003). We confirmed cleavage of mtr-APETALA2 (Mtr.41294.1.S1) 
through 5' RACE (Figure 3.5) and degradome analysis (Suppl. Table S3.3)  mtr-miR159 had 
the highest reads counts of all 21 nt sequences.  In A. thaliana miR159 is known to target 
MYB transcription factors during seed and anther development (Achard et al., 2004) and seed 
germination (Reyes and Chua, 2007), although it has also been shown to have strong 
expression in root tips (Allen et al., 2007). 
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3.11.1 Supplementary Material 
 
 
 
  
Figure S3.1 Conserved miRNA, novel to M. truncatula hairpin structures. Mature sequence is offset. Red (GC) and blue (AT) bars denote base pairing. Green bars denote G:U wobble pair, shown as A:T. Absence of bar denotes mismatch.  
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Figure S3.1 Conserved miRNA, novel to M. truncatula hairpin structures. Mature sequence is offset. Red (GC) and blue (AT) bars denote base pairing. Green bars denote G:U wobble pair, shown as A:T. Absence of bar denotes mismatch.  
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Table S3.1  Predicted novel mature miRNA unique to M. truncatula.  
Novel 
miRNA Sequence Read Count 
Dup-E 
(kcal/mol) Chromosome             Co-ord 
  RFC NRFC RT EZ    
miRN073 CAGGGAACATGCAGAGCATGG 226 3314 451 42 -27.7 Chr1 22930144 F 
miRN073*1 ATGCACTGCCTCTTCCCTGGC 209 27751 16 16 - - - 
miRN086 TATACGTTGATTTGAAGACGG 2367 52 193 159 -33.4 Chr4 27443176F 
miRN1052 GAATGTTGTCTGGCTCGAGGA 625 2739 448 238 -37.0 Chr8 126059219 R 
miRN1143 ACAGGGAACATGCAGAGCATG 683 2416 6 8 -26.4 Chr1 22930143 F 
miRN114* TGCACTGCCTCTTCCCTGGCT 1 107 0 0 - - - 
miRN151 CCAAGGAAATAGATATCCAGC 1329 1264 66 65 -33.7 Chr2 22759058 R 
miRN151* TGGATTTCGTATTTCTTTGGT 17 38 2 0 - - - 
miRN221 TAGCTCTATTAACAATTAATT 937 153 21 0 -35.5 Chr3 1385101 R 
miRN246 GCTTACTCTCTATCTGTCACC 559 1354 86 97 -40.9 Chr3 36762650 F 
miRN304 GTCGGTTTCTTACTTCGGTAG 67 911 5 1 -35.7 Chr2 20856020 R 
miRN352 TTTGGCATTCTGTCCACCTC 749 786 14 0 -32.8 Chr8 25188699 F 
miRN374 TAGGCATGGGATAGTAGGGAA 643 876 1793 895 -34.6 - AC235678.1 
miRN395 TGGAGGATCAGGTAAAACAAC 537 811 112 91 -33.1 Chr5 18612508 F 
miRN395* TGTTTTACCCGCTCCTCCCAT 43 160 53 45 - - - 
miRN4044 TTGAATTATGAGAACTTGAAG 241 31 11918 6440 -37.1 - AC225474.24F 
miRN404* TCAAGTTCTCATAATTCAAAA 1 0 21 15 - - - 
miRN404a4 TTGAATTATGAGAACTTGAAG 241 31 11918 6440 -35.2 - AC225474.24R 
miRN404a* TCAAGTTCTCATAATTCAAAA 1 0 21 15 - - - 
miRN430 GCTCTCTAGACTTCTGTCATC 1 17 1057 2235 -32.1 Chr6 22215536 R 
miRN430* TGACAGAAGATAGAGGGCACT 0 0 22 62 - - - 
miRN4505 AGGCCTAGATTACATTGGACA 163 220 1138 1033 -45.1 Chr8 16968085 R 
miRN450*6 TCCAATGTAATCTAGGTCTAC 54 176 98 128 - - - 
miRN477 TTTTGAATTATGAGAACTTGA 28 11 891 569 -36.7 - AC225474.24 
miRN477a TTTTGAATTATGAGAACTTGA 28 11 891 569 -37.4 - AC225474.2439355 
miRN478 ATCCTTAGAATGCAGATTATC 6 1 879 848 -30.9 Chr7 22167310 R 
miRN478*7 TAATCTGCATCCTGAGGTTTA 6 0 187 158 - - - 
miRN482 TGCCGGTCGGGGGACGGACTG 77 35 733 165 -31.0 Chr5 21114126 F 
miRN482* GTTTCGAACCCGTCGGCTGTT 6 24 38 14 - - - 
miRN5214 TGAATTATGAGAACTTGAAGC1 16 16 612 299 -36.2 - AC225474.24 F 
miRN521* TTCAAGTTCTCATAATTCAAA 0 0 8 4 - - - 
miRN521a4 TGAATTATGAGAACTTGAAGC 16 16 543 300 -36.2 - AC225474.24 R 
miRN521a* TTCAAGTTCTCATAATTCAAA 0 0 8 4 - - - 
miRN5378 GGTCGGGGGACGGACTGGGAA 4 7 480 238 -38.0 Chr5 21114130 F 
miRN537* CCCAGTTTCGAACCCGTCGGC 33 682 108 58 - -  
miRN540 GCTCTTTATTCTTCTGTCATC 1 6 543 558 -29.2 Chr7 24257654 F 
  miRN540*9 TGACAGAAGATAGAGAGCACA 0 0 4 6 - -  
miRN708 TCCGAGATATTTGATCGGAGG 134 1 186 127 -42.0 Chr3 16805147F 
miRN721 GATGTAGGCCTAGATTACATT 92 1 24 19 -39.3 Chr8 16968080  R 
miRN721* TGTAATCTAGGTCTACATCTG 232 119 405 405 - -  
miRN756 TTAGGTTCATTCAATTAATGA 52 1 14 9 -34.2 Chr8 22045208 R 
miRN833a GGGGTTGGCCTAGTGGTTGGC 6 1 104 63 -28.8 Chr1 14786505 
miRN833b GGGGTTGGCCTAGTGGTTGGC 6 1 104 63 -30.5 Chr5 11569909R 
miRN931 CAGACAACTTTGATGAAAAGC 205 137 0 0 -36.2 Chr5 32261805  R 
miRN931 CAGACAACTTTGATGAAAAGC 205 137 0 0 -30.5 Chr1 8186882 F 
miRN1183 TGTAATCAATGCATTAAATGC 60 0 80 174 -31.3 Chr1 21146103 F 
miRN1183* ATTTAATGCATTGATTACACA 3 0 2 2 - - - 
miRN1060 AGCCTTGGGATGCTGATTATC 0 0 66 63 -32.8 Chr7 22174454R 
miRN1104 GTCCTCGGGATACAGATTACT 6 0 159 290 -27.7 Chr7 16637707 R 
miRN1104* AATCTGCATCCTGAGGTTTAG 0 0 6 2 - - - 
miRN1112 CGACGTCGAGTTGGCGGCGGA 2 0 142 46 -24.3 Chr1 3387703 R 
miRN1137 GTGGAGTGTGGGACAGCTTGC 4 0 101 57 -31.5 Chr3 26045992 F Identifiers are arbitrary. ‘N’ identifies sequences as novel and is included here and in the text to discriminate between novel sequences and mature miRNA listed on miRBase.  * strand sequences were calculated from hairpin structures and are included only if found in the deep sequencing data.  RFC=Root forming callus. NRFC=Non-root forming callus. RT=Root tip. Dup-E=Duplex energy 
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Table S3.2 Sequences with 100% matches to M. truncatula miRNAs listed in miRBase and mapped to a new 
location (Mt.3.0) 
Family Sequence Chr Co-Ord Dup -E 
169 CAGCCAAGGATGACTTGCCGG MtChr7 8633532 F  -34.5 
* GGCAAGTTTTTCCTTGGCTATA    
2952 AAATGCTTGAGTCCTGTTGTT MtChr8 31833059 F1 -29.1 
* CGGCCAGGACTCAAGCATTTCG    
2952 AAATGCTTGAGTCCTGTTGTT MtChr8 31833059 F1 -26.5 
* CGACAGGAATCGAGCATTCAA    
2952 AAATGCTTGAGTCCTGTTGTT MtChr5 997749 F -21.4 
* CGGCAGAACTCCAGCATTCGA    
2592 AAATGCTTGAGTCCTGTTGTT MtChr2 13459321 F -27.6 
* CGACTAGGACTCAAGTATTTCG    
2592 AAATGCTTGAGTCCTGTTGTT MtChr8 595067 F -33.7 
* CAACAGGACTCAAGCATTTCG    
2592 AAATGCTTGAGTCATGTTGTT MtChr6 18802321 F -27.2 
* ACAACAGGACTCAAGCATTTC    
2592 AAATGCTTGAGTCCTGTTGTT MtChr8 34257726 F -27.2 
* CAACAAGACTCAAGCATTTCG    
2592 AAATGCTTGAGTCATGTTGTT MtChr5 3335076 F -25.4 
* CGACCATGACTCAAGTATTAAG    
399 TGCCAAAGGAGATTTGCCCAG MtChr4 32733685 F -27.7 
* GGGTGAGTTCTCCATTGGCAGG    
399 TGCCAAAGGAGATTTGCCCAG MtChr4 32967258 F -27.7 
* GGGTGAGTTCTCCATTGGCAGGT    Note:  * strand sequences were calculated from hairpin structures. 1Location has two possible structures. 
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Figure S3.2 Mature sequence is offset. Conserved M. truncatula miRNA hairpin 
structures at new locations, mapped to Mt.3.0. Red (GC) and blue (AT) bars denote base pairing. Green bars denote G:U wobble pair, shown as A:T. Absence of bar denotes mismatch. 
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Figure S3.3 Novel miRNA, unique to M. truncatula. Mature sequence is offset. Red (GC) and blue (AT) bars denote base pairing. Green bars denote G:U wobble pair, shown as A:T. Absence of bar denotes mismatch. 
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Figure S3.3 Novel miRNA, unique to M. truncatula. Mature sequence is offset. Red (GC) and blue (AT) bars denote base pairing. Green bars denote G:U wobble pair, shown as A:T. Absence of bar denotes mismatch. 
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Figure S3.3 Novel miRNA, unique to M. truncatula. Mature sequence is offset. Red (GC) and blue (AT) bars denote base pairing. Green bars denote G:U wobble pair, shown as A:T. Absence of bar denotes mismatch. 
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Figure S3.3 Novel miRNA, unique to M. truncatula. Mature sequence is offset. Red (GC) 
and blue (AT) bars denote base pairing. Green bars denote G:U wobble pair, shown as A:T. 
Absence of bar denotes mismatch. 
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Figure S3.3 Novel miRNA, unique to M. truncatula. Mature sequence is offset. Red (GC) and 
blue (AT) bars denote base pairing. Green bars denote G:U wobble pair, shown as A:T. Absence of 
bar denotes mismatch. 
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Table S3.4 Selected Target prediction for non-conserved  novel miRNAs.   
Id Target Annotation Possible function Probe set ID Degradome Tag Id (Root1 Flower2) 
miRN073 Trans factor/ Enhancer of polycomb-like protein 
Development Mtr.33294.1.S1_at  
miRN086 nodule-specific cysteine rich peptide Nodulation Mtr.28098.1.S1_at  
miRN114 b-galactosidise Metabolism Mtr.43149.1.S1_at  
miRN151 Copine-like protein. Homologue of At. BON2 
Stress response Mtr.40567.1.S1_at  
miRN246 EXPANSIN protein Asymmetric cell division Mtr.22752.1.S1_s_at  
miRN304 TIR  domain protein Auxin response Mtr.51997.1.S1_at  
miRN395 
Cyclin-like F-box; F-box protein interaction 
domain 
Cyclin-like F-box protein 
F-box protein At. SLOWMO 
Stress Response 
 
Stress Response 
Polar auxin transport 
Mtr.48981.1.S1_at 
 
Mtr.46578.1.S1_at  
Mtr.46578.1.S1_at 
 
miRN404 
BURP domain-containing protein 
Zinc finger, RING-type/ methyltransferase 
Putative MTD2 trans factor 
Wall-associated receptor kinase 
F-Box 
F-Box 
F-box/FBD/LRR-repeat 
Stress response/ABA response 
ubiquitination /chromatin modification 
development 
development/defence 
Stress Response 
Stress Response 
Stress Response 
Mtr.16270.1.S1_at 
Mtr.25820.1.S1_at 
Mtr.9076.1.S1_at 
Mtr.15787.1.S1_at 
Mtr.17964.1.S1_at 
Mtr.14746.1.S1_at 
Mtr.14264.1.S1_at 
Mtr.14264.1.S1_at1 
Mtr.17964.1.S1_at2 
miRN477 tubby-like protein At. TULP10 Tubby-like F-box protein At. TULP 8 
Stress response/ ABA sensitivity 
Stress Response 
Mtr.10620.1.S1_s_at 
Mtr.22587.1.S1_s_at 
 
miRN482 At .EMBRYO DEFECTIVE 1135 Embryo Development Mtr.20935.1.S1_s_at  
miRN521 
Zinc finger, RING-type: methyltransferase 
Cyclin-like F-box 
Cyclin-like F-box/ FBD 
Ubiquitination /chromatin 
Stress response 
Stress response 
Mtr.25820.1.S1_at 
Mtr.30758.1.S1_at 
Mtr.17964.1.S1_at 
 
miRN1060 methyltransferase  ferric reductase  
Chromatin modification 
metabolism 
Mtr.16010.1.S1_at 
Mtr.13026.1.S1_at 
 
miRN1112 RING E3 ligase/KEG  ring-finger protein 
Development/ABA regulator 
Ubiquitination  
Mtr.15395.1.S1_s_at 
Mtr.13354.1.S1_at 
 
miRN430 Wuschel related homeobox 13 (WOX13) Root Development Mtr.39280.1.S1_at  
miRN540 Auxin binding protein (Abp44)) Auxin Signalling Mtr.40481.1.S1_at  Target annotations show demonstrated or predicted target function and when available, their homologues.  Probe set IDs are from Affymetrix GeneChip Medicago Genome Array MTGI_V11. ‘Target probe set Id’, annotation and function refer to gene identifier predicted by Tapir. ‘Degradome Tag Id’ shows Cleaveland target predictions aligning to tags within currently available M. truncatula degradome databases 
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Table S4 Selected Target Predictions for conserved miRNA sequences novel to M. truncatula.    
Mtr ID Sequence Chrm Co-Ord 
Dup E 
(ckal/mol) 
Predicted Target 
Annotation Gene Function 
Target 
Probe set ID 
Degradome        Tag 
Id 
(Root1 Flower2) 
319a TTGGACTGAAGGGAGCTCCCA Chr5 2188646F -28.6 TCP1 protein/ Transcription factor Development Mtr.38910.1.S1_at Mtr.43316.1.S1_at
1,2 
319a* GAACTTCCTTGCAGCCCAAAG        
319b TTGGACTGAAGGGAGCTCCCT Chr3 19927248F -33.3 
BAH-domain protein 
 
TCP1 protein/ 
Transcription factor 
methyltransferase/transcriptional 
regulator/chromatin modification 
Development 
Mtr.10851.1.S1_at 
 
Mtr.38910.1.S1_at 
Mtr.14264.1.S1_at1 
Mtr.9107.1.S1_at2 
 
319b* AGAGCTCTCTTCAGTCCACTC        
319d TTGGACTGAAGGGAGCTCCCT Chr5 31290686F -33.4 
BAH-domain protein 
 
TCP1-like protein/ 
Transcription factor 
methyltransferase/transcriptional 
regulator/chromatin modification 
Development 
Mtr.10851.1.S1_at 
 
Mtr.38910.1.S1_at 
Mtr.774.1.S1_at1 
Mtr.1584.1.S1_at2 
319d* AGAGCTTCCTTCAGTCCACTC        
319e CTTGGACTGAAGGGAGCTCCC Chr5 31290685F -32.8 TCP like protein/ Transcription factor Development Mtr.38184.1.S1_at Mtr.41007.1.S1_at
2 
319e* AGCTTCCTTCAGTCCACTCAT        
319f CTTGGACTGAAGGGAGCTCCC Chr3 19927247F -32.7 TCP like protein/ Transcription factor Development Mtr.38184.1.S1_at Mtr.41007.1.S1_s_at
2 
319f* GAGCTCTCTTCAGTCCACTCA        
319g CTTGGACTGAAGGGAGCTCCC Chr5 2188645F -28.0 TCP like protein/ Transcription factor Development Mtr.38910.1.S1_at Mtr.9397.1.S1_at
2 
319g* GAGCTTTCTTTAGTCCACTCA        
396c GTTCAATAAAGCTGTGGGAAG Chr4 7887093 R -34.2 Putative F-box Stress response Mtr.41278.1.S1_s_at  
396c* TTCCACAGCTTTCTTGAACTG        
166i GGAATGTTGTCTGGCTCGAGG Chr8 126059218R -30.0 - - -  
166i* TCGGACCAGGCTTCATTCCCC    WD-40 protein Highly diverse Mtr.17342.1.S1_s_at Mtr.41810.1.S1_at2 
408a TGCACTGCCTCTTCCCTGGCT Chr1 22930208F -21.9 
Blue copper protein 
CCR4-associated 
factor 1 
Copper homeostasis 
 
Stress response 
Mtr.1617.1.S1_s_at 
Mtr.24516.1.S1_at 
Mtr.42844.1.S1_at 
Mtr.37517.1.S1_at 
Mtr.2936.1.S1_at 
Mtr.41007.1.S1_at1 
 
408a* GACAGGGAACATGCACAGCATG        
Target genes show a range of functions including development. Target annotation based on Affymetrix GeneChip Medicago Genome Array MTGI_V11 Identifiers. Family names 
are tentative and represent the first unused letter available for each family. ‘Target probe set Id’, annotation and function refer to gene identifier predicted by TAPIR. ‘Degradome 
Tag Id’ shows Cleaveland target predictions aligning to tags within currently available M. truncatula degradome databases 
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Table S4 Selected Target Predictions for conserved miRNA sequences novel to M. truncatula.    
171b TTGAGCCGCGCCAATATCACT Chr4 397047229F -26.3 
Scarecrow like-6 
Homologue, 
Transcription factor 
 
Development 
 
 
Mtr.41007.1.S1_at 
 
Mtr.37696.1.S1_at 
Mtr.41810.1.S1_at1 
Mtr.21352.1.S1_s_at2 
171i* CGATGTTGGTGAGGTTCAATC        
156j TGACAGAAGAGAGTGAGCACA Chr3 36762582F -33.6 
SQUAMOSA -like 
protein Transcription 
factor 
 
Transcription factor, gibberlellin 
signalling, development 
 
Mtr.302.1.S1_at 
 
Mtr.46591.1.S1_at 
 
156j* TGCTTACTCTCTATCTGTCACC        
156k TGACAGAAGAGAGTGAGCACA Chr1 29851718R -35.7 
SQUAMOSA -like 
protein 
 
 
gibberellin signalling, and 
development 
 
 
Mtr.302.1.S1_at 
Mtr.46591.1.S1_at  
156k* TGCTCACTCTCTATCTGTCACC        
156l TGACAGAAGAGAGTGAGCACA Chr4 1558423R -35.7 
SQUAMOSA -like 
protein Transcription 
factor 
 
gibberlellin signalling and 
development 
 
 
Mtr.302.1.S1_at 
 
Mtr.46591.1.S1_at 
 
156l* TGCTCACTTCTCTTTCTGTCATC        
156m TGACAGAAGAGAGTGAGCACA Chr3 5871455R -32.4 
SQUAMOSA -like 
protein  Transcription 
factor 
 
gibberlellin signalling and 
development 
 
 
Mtr.302.1.S1_at 
 
Mtr.46591.1.S1_at 
 
156m* TGCTCACTCATCTTTCTGTCAAA        
166j GGAATGTTGGCTGGCTCGAGG Chr8 5102116F -27.2 - - -  
166j* TCGGACCAGGCTTCATTCCCC       Mtr.12930.1.S1_at2  
172d AGAATCTTGATGATGCTGCAT contig 53419 2051F -32.9 
APETALA2- like 
protein 
PHAP2B 
Transcription factor 
Methyltransferase-
like protein 
protein kinase 
 
floral development 
floral development 
floral development 
 
transcriptional 
regulator/chromatin modification 
signal transduction/metabolism 
 
“ 
Mtr.49221.1.S1_at 
Mtr.23254.1.S1_at 
Mtr.41294.1.S1_at 
Mtr.41810.1.S1_at 
Mtr.39082.1.S1_at 
Mtr.15117.1.S1_s_at 
Mtr.5762.1.S1_at 
 
Mtr.44164.1.S1_at 
Mtr.51157.1.S1_at1 
Mtr.49221.1.S1_at2 
172d * GTAGCATCATCAAGATTCACA        
Target genes show a range of functions including development. Target annotation based on Affymetrix GeneChip Medicago Genome Array MTGI_V11 Identifiers. Family names 
are tentative and represent the first unused letter available for each family. ‘Target probe set Id’, annotation and function refer to gene identifier predicted by TAPIR. ‘Degradome 
Tag Id’ shows Cleaveland target predictions aligning to tags within currently available M. truncatula degradome databases 
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4 Novel miRNA 304 over-expression causes severe root abnormalities 
in Medicago truncatula  
 
4.1 Abstract 
 
miRNAs have emerged as key regulators of plant development and regulators of biotic and 
abiotic stress responses. In the previously chapter, conserved and novel miRNAs were identified 
with high and differential expression in root tissues representing various developmental 
environments. A novel miRNA, miRN304, was found to have amongst the highest (0.1 
percentile) read counts in NRFC. This was 13.2 fold higher than in RFC while expression in RT 
and EZ was negligible. The miRN304 sequence was mapped to a genomic region which is 
capable of producing a RNA tertiary structure resembling a canonical pri-miRNA.  Over-
expression of this structure in M. truncatula ‘hairy roots’ results in pleotropic abnormalities 
including loss of meristem and vascular patterning. Several targets for miRN304 were predicted 
and cleavage of a HD-ZIP homeodomain transcript, Mt-HB7, was confirmed using 5ꞌ RACE. 
Like its homologues in other species, Mt-HB7 is up-regulated in drought conditions and the 
addition of the stress related phytohormone ABA.  Interestingly, Mt-HB7 is up-regulated in 
miRN304 over-expressing roots, a result that runs counter to the usual miRNA/target 
expectation. This relationship may represent an example of the Transcriptional Override Model 
(TOM), described in mammals but not previously seen in plants. 
4.2 Introduction 
 
In post-embryonic plants, all new tissue growth is derived from undifferentiated cells 
derived from regions known as meristems. The root meristem consists of a quiescent 
centre (QC) containing a small group of very slowly dividing stem cells (the structural 
initials) which exert influence on cells immediately surrounding them (the functional 
initials). These signals prevent the functional initials from differentiation until 
asymmetrical cell division produces daughter cells which move beyond the influence of 
the QC (Jiang and Feldman, 2005). Cell fate is then determined based on spatial and 
temporal cues. While the root apical meristem (RAM) is formed early in 
embryogenesis, new root meristems are formed post-embryonically at sites of lateral 
root formation throughout the life of the plant. It is likely that lateral roots show more 
plasticity to environmental cues than main roots.  However, the molecular mechanisms 
90 
 
controlling the development and maintenance of each type share strong similarities 
(Duan et al., 2013, Rosquete et al., 2013).  
4.2.1 Genetic control of the root meristem 
 
In order to develop and maintain function, the root meristem requires tight molecular 
control. WUSCHEL-RELATED HOMEOBOX 5 (WOX5) is expressed only in cells of 
the QC where it is thought to restrict cell division. As wox5 mutants only affect 
columella QC cells, it is likely other factors also contribute to QC maintenance (Sarkar 
et al., 2007, Forzani et al., 2014).  Genes of the PLETHORA (PLT)  family of 
transcription factors are induced by auxin and high concentrations of PLT at the site of 
the QC contribute to the maintenance of the stem cell niche (Galinha et al., 2007, 
Mähönen et al., 2014). PLT genes also control PIN expression, producing a positive 
feedback loop and maintaining an auxin maxima at the QC (Galinha et al., 2007, Blilou 
et al., 2005).  Also acting to maintain QC identity are GRAS family transcription factors 
SHORTROOT (SHR) and SCARECROW (Redmond et al.).  SCR is activated by SHR 
and both are required to establish the QC (Sabatini et al., 2003). SCR also interacts with 
RETINOBLASTOMA-RELATED protein (Erbrech et al.) which blocks QC cells from 
entering S phase (Cruz-Ramírez et al., 2013). PLT and SCR/SHR/RBR operate 
independently but in parallel to provide radial and longitudinal positioning of the QC 
(Dinneny and Benfey, 2008).   
Only a few mutant phenotypes have been found that result in a complete loss of 
meristematic structure and function.  ROOTMERISTEMLESS1 (RML1), which is 
involved in glutathione biosynthesis, results in a complete loss of the root meristem and 
arrests root growth (Vernoux et al., 2000). This phenotype is also observed in the 2C 
protein phosphatase POLTERGEIST (POL) / PLL1 double mutant results in the loss of 
the QC (Song et al., 2008). In M. truncatula mutations of nitrate transporter LATERAL 
ROOT-ORGAN DEFECTIVE (LATD) also results in the complete loss meristematic 
structure and function (Bright et al., 2005).  
4.2.2 Hormone balance and lateral root formation 
 
Auxin is the major regulator of lateral root formation which requires an auxin maxima 
at the site of initiation (Overvoorde et al., 2010). This is achieved through polarised 
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auxin transport through coordinated positioning of the auxin transporter PIN-FORMED 
1 (PIN1) (Benkova et al., 2003), PIN3 and other auxin response factors. Cytokinin acts 
as an antagonist to auxin during main and lateral root formation by promoting stem cell 
identity (Müller and Sheen, 2008).  Glutathione (GSH) regulates the cell redox 
environment and is essential for embryonic and meristem development  as well as being 
linked to abiotic stress response (Foyer and Noctor, 2009, Cairns et al., 2006)   Abscisic 
acid (ABA) acts as negative regulator of root growth as well as being a regulator of a 
multiple and diverse of range of developmental processes. It performs a major role in 
stress response and drought conditions increase endogenous ABA levels as well as 
inducing ABA transcriptional regulatory networks (Shinozaki and Yamaguchi-
Shinozaki 2007). 
4.2.3 miRNAs and root development 
 
While studies into the miRNA biogenesis pathway point to an essential role for miRNA 
in root development only a handful have been demonstrated to do so. The majority of 
plant developmental miRNAs identified to date are involved in aerial tissue formation  
reviewed in; (Debat and Ducasse, 2014).  In roots, miR160 regulates the expression of 
ARFs 10 and 16 and affects multiple Arabidopsis developmental processes including 
root cap and lateral root formation (Wang et al., 2005a, Okushima et al., 2005). In        
G .max over-expression of miR160 creates a hyposensitivity to cytokinin and 
hypersensitivity to auxin resulting a reduction in lateral root length and density (Turner 
et al., 2013). miR166 also reduces lateral root number M. truncatula as well as altering 
root vasculature (Boualem et al., 2008). miR393 has multiple functions in M. truncatula 
including the control of cell division in the RAM resulting in shortened roots (Bazin et 
al., 2013). miR393 expression coincides with a down-regulation of GROWTH-
REGULATOR FACTOR 5 (GRF5) which  belongs to the GRF family implicated in 
plant growth and development. To date, no miRNA has been identified that, when over-
expressed, produces the severe root phenotypes observed in rml1 or latd mutants.  
4.2.4 microRNA and stress response 
 
A major role has emerged for miRNAs as regulators of biotic and abiotic stress 
responses. miRNAs have been identified with roles in response to drought, salinity, 
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cold, heat, metal ion toxicity, nutrient starvation and pathogenic stresses. The 
developmental plasticity displayed by plants in response to abiotic stress means that it 
would be expected that some miRNA may function as regulators of both development 
and stress. For example, in addition to the developmental role found for miR393, it is 
also implicated in stress response to UV radiation, cold, drought and salt stress (Sunkar 
and Zhu, 2004). miR393 targets the auxin receptor TRANSPORT INHIBITOR 
RESPONSE 1 (TIR1) suggesting that miR393 responds to stress by inhibiting 
development.  Similarly, miR160 targets ARFs in response to UV radiation (Zhou et al., 
2007b). Several other stress responsive miRNAs have been found to target 
developmentally important transcription factor families including APETALA-bZIPs, 
MYBs, HD-ZIPs  and ARFs (Martin et al., 2010)  
4.2.5 Hairy root transformation 
 
A major tool for the study of root growth and structure is ‘hairy root’ transformation. In 
this process, the main root of a seedling is excised and the exposed wound inoculated 
with A. rhizogenes. The bacteria carries a Ri plasmid which induces the formation of 
new roots. The Ri plasmid may also contain a variety of bio-molecular constructs 
enabling root specific gene expression studies. Like in lateral roots, hairy root formation 
requires the formation of a new meristem. Examination of early stage lateral root 
formation shows identical tissue organisation to that of early hairy roots (Herrbach et 
al., 2014) suggesting that the two possess highly similar bio-molecular properties. In                   
M. truncatula, pericycle, endodermal and cortical cells divide to form lateral root 
primordia (Herrbach et al., 2014). Founder cell identity is established as cells migrating 
from the apical meristem move basally, away from its influence toward the elongation 
zone. Initial division of the founder cells is auxin dependent and does not occur until 
they reach the distal differentiation zone (Herrbach et al., 2014). LR formation begins 
with anticlinal divisions of the pericycle and progresses to include further divisions, 
both anti and periclinal divisions of the pericycle, endodermis and inner cortex 
(Herrbach et al., 2014). As division continues the primordia forces through the outer 
cell layers and emerges at the surface of the differentiation zone.  In Arabidopsis, it has 
been shown that the newly formed meristem only becomes active after LR emergence  
(Malamy and Benfey, 1997). 
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4.2.6 Root generation through explant culture 
 
The ability of plant tissue to regenerate has been long understood. Indeed, whole plants 
can be generated in vitro from somatic embryogenesis (Sah et al., 2014, Sakhanokho et 
al., 2004, Vergne et al., 2010). When leaf explants from the M. truncatula wild-type cv 
Jemalong are maintained on a medium containing auxin and cytokinin at a 10 µM:4 µM 
ratio, callus formation occurs. If the media contains only 10 µM auxin then a large 
majority of the callus tissue subsequently produces roots. In M. truncatula, calluses are 
derived the procabium when treated with auxin, and primarily the mesophyll when 
treated with cytokinin (Wang et al., 2011b).  Callus cells, even when derived from leaf 
or other aerial tissue, share many of the characteristics seen in root meristem cells (Atta 
et al., 2009). It would be expected, therefore, that the molecular variation between root 
forming callus (RFC) and non-root forming callus (NRFC) would be representative of 
some of the genetic factors, including miRNA, involved on root organogenesis.     
Given the importance miRNA have been shown to play in plant development it is 
surprising that only a limited number have been identified that regulate root meristem 
from and function. A novel but canonical microRNA (miRN304) previously predicted 
bioinformatically was differently expressed between RFC and NRFC (see Chapter 3). 
The pri-miRNA was predicted and over-expressed in M. truncatula using hairy root 
transformation. This resulted in stunted roots with multiple abnormalities including the 
abolition of the meristem and severe changes to vascular patterning. A predicted target 
of miRN304, Mt-HB7, was verified using 5ꞌ RACE.  It was found Mt-HB7 in miRN304 
over-expressing roots is up-regulated and may be an example of transcriptional override 
(Hill et al., 2014). It was also found that Mt-HB7 is up regulated by ABA or mannitol 
and is likely to perform a similar role to homologues found in other species.   
 
 
 
 
4.3 Results 
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4.3.1 Identification of miRN304 tertiary structure 
 
Previously, deep sequencing analysis identified a putative miRNA contained on the 
same miR gene as mtr-miR2087 (Eyles et al., 2013). Referred to here as miRN304, it is 
a 21 nt sequence (GUCGGUUUCUUACUUCGGUAG ) located at Chr2 20856020R 
(Mt3.5.1).  This sequence was expressed at least 13 fold higher in NRFC than the other 
samples analysed (Table 4.1)  Analysis with Mfold Quikfold showed that a 513 nt 
section surrounding miRN304 produced a tertiary structure with low free energy (∆G -
211 k/cal mole) which folded into a canonical miRNA structure (Figure 4.1A). 
Examination of this structure showed miRN304 to be located on the opposite arm as the 
previously reported miR2087. miRN304 contains mismatches at positions 9 and 10 and 
a G:U paring at position 2 and is 16 nt distal of an upstream loop structure (Figure 
4.1B).  
 
Table 4.1 Normalised read counts of predominant miRN304 and miR2087 sequences from deep sequencing data. RFC: root forming callus, NRFC: non-root forming callus, RT: root tip, EZ: elongation zone. 
miRN304                          mtr-miR2087 
RFC NRFC RT EZ RFC NRFC RT EZ 
67 911 5 1 157 208 3 1 
 
4.3.2 miRN304 is the dominant mature isoform processed from the 
primary miRNA structure 
 
The miRN304 pre-miRNA contains many 21nt sequences which could potentially be 
processed into mature miRNA forms. Therefore, the pre-miRNA was analysed to 
determine the frequency each of these was processed from the hairpin structure.          
The deep sequencing data presented in Chapter 3 was used to bioinformatically analyse 
the read counts for each 21 nt sequence contained on the miRN304 hairpin structure 
depicted in Figure 4.1 B. miRN304 was predominately expressed in NFRC tissue 
(normalised read count of 911). Analysis of the NRFC data found the miRN304 
sequence, beginning at hairpin position 126, had a read count of 908 (un-normalised). 
This was the dominant sequence contained on the hairpin (Figure 4.2 A). miR2087, 
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beginning at hairpin position 46, had the next highest count (199). Other sequences with 
appreciable read counts were clustered around the initial 5ꞌ base of miRN304 and 
miR2087. Analysis of all tissue samples showed RFC to have a highly similar read 
count distribution while read counts for RT and EZ were negligible across the entire 
hairpin structure (Figure 4.2 B)  
 
 
4.3.3 miRN304 over-expression severely retards root initiation and 
growth 
 
The miRN304 hairpin structure shown in Figure 4.1B was cloned into the over-
expression vector pK7WG2D in order to examine any phenotypic effects in 
 A. rhizogenes transformed ‘hairy roots. Twenty-one days post transformation, seedlings 
over-expressing miRN304, under control of the 35S promoter, showed a marked 
reduction in the length of hairy roots emerging from the radicle (Figure 4.3). Statistical 
analysis revealed a seven-fold reduction in the percentage of plants with any hairy-roots 
emerging from the radicle when compared with the empty vector control and (Figure 
4.4). miRN304 over-expressing plants that possessed hairy roots did not have a 
significant reduction of initial roots (roots emerging from the radicle) (Figure 4.4 B) but 
did not produce lateral roots (roots emerging from initial roots).  miRN304 over-
expressing roots rarely exceeded 5mm in length (Figure 4.4 C). Overall root length per 
plant was significantly reduced when either, initial root length only, or initial plus 
lateral roots, were measured (Figure 4.4 C-D). 
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Figure 4.1 Tertiary structure of MIR2087  Nucleotide sequences 220 bp upstream from miRN304position one and 272 bp downstream from position 21 were folded using Mfold Quikfold (A). The structure shown has the lowest possible free energy for the sequence displayed.  Enlarged area showing hairpin region containing miR2087 and miRN304 (B). 
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Figure 4.2 21nt sequences originating from the miRN304 pri-miRNA. Each 21nt sequence contained within the miRN304 pri-miRNA hairpin shown in Figure 4.2B was bioinformatically isolated and compared to our deep sequencing data (NRFC only). Sequences with the highest read counts occurred at positions 46 and 126 and coincided with base positions one of miRN304nd miRN304 respectively (A). The Sequences with highest read counts in each tissue were also clustered around these positions (B). 
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Figure 4.3 Over-expression of miRN304 causes a significant reduction in root 
length. Comparison of root system in miRN304 over-expressing seedling (right) against seedling over-expressing an empty vector control (left). 
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Figure 4.4 Statistical analysis of miRN304 over-expressing plants. Comparison of total root number and length 21 days post hairy root transformation. The percentage of plants with any initial roots (those emerging from the radicle) was >7 fold lower in plants transformed with pK7WG2D:miRN304 (n= 691) when compared with an empty vector control (pK7WG2D:GUS) (n=84) (A). Total roots per plant was significantly reduced when both initial and lateral roots (those emerging from initial root) were counted (B, left). If only initial roots were counted no statistically difference was seen (B, right) (analysis only includes plants that produced at least one root).  Average root length of miRN304 over-expressing plants was significantly less than the empty vector control (C, left). Average combined length of initial roots per plant was significantly reduced in miRN304 over-expressing seedlings (C, right). When only initial roots were analysed average root length and the combined root length of miRN304 over-expressing was significantly less than the empty vector control (D) Student’s t test  * P < 0.05, **P < 0.01, ***P < 0.001, Error bars = SE.  
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4.3.4 miRN304 over-expression results in root tip malformation 
 
Light microscopy was used to examine the structure of miRN304 over-expressing roots.  
miRN304 over-expressing roots showed a loss of the meristematic zone. miRNA304 
over-expressing roots showed no distinction in cell size or density in the root tip (Figure 
4.5 A). This contrasted with the control roots which showed a clear distinction between 
cell size seen at the junction of the basal meristem and elongation zone (Figure 4.5 B). 
This is indicative of the small, densely packed cells seen in the meristematic stem cell 
niche. In miRN304 over-expressing roots, unlike in the control roots, no dead cells were 
observed sloughed from the root cap suggesting the root cap meristem was also lost 
(Figure 4.5 A, B). In miRN304 over-expressing roots the vasculature extended further 
than seen in the control roots and terminated at the distal region of the root tip also 
suggesting that the meristematic region is absent (Figure 4.5 C-D). To further examine 
the structure of the root tip, Lugol’s iodine staining was used to visualise cell walls and 
nuclei. In wild type roots it would be expected that staining would be concentrated at 
the meristem region where cell concentration is greatest. This was the case control roots 
(Figure 4.5 E). In miRN304 over-expressing roots, staining was relatively uniform 
across a much larger region suggesting little variation in cell density, another indicator 
of meristem loss (Figure 4.5 F). In wild-type plants, root hairs are seen only on 
epidermal cells. This was the case observed on control roots where root hairs were not 
generally seen distal of the differentiated zone. In miRN304 over-expressing roots, 
ectopic root hairs were commonly observed extending to the root tip (Figure 4.5 A-F) 
also indicating the root tip had little structural variation and consisted mainly of 
differentiated cells.         
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Figure 4.5 miRN304 over-expression results in root tip malformation. Comparisons of root structure in hairy roots over-expressing miRN304 (left column) with the empty vector control transformants (right column) 40x bright field microscopy shows a loss of the meristematic zone (red arrows) and root cap (yellow arrows) in miRN304 over-expressing roots compared to the control (A, B). 10x bright field microscopy shows loss of meristematic region and distal extension of vasculature in miRN304 over-expressing roots (C, D).  10x bright field microscopy with iodine staining shows high cell density (yellow staining) in the control meristematic region (F) compared to miRN304 over-expressing roots which shows uniform iodine staining along the length of the root tip (E). miRN304 over-expressing roots also show prominent ectopic root hairs at the root tip and meristematic zone (E). These are also visible in (A) and (C) 
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E
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4.3.5 Over-expression of miRN304-3p causes disruption to root 
vascular patterning 
 
To further investigate the miRN304 over-expression phenotype, root sections were examined. 
The majority of roots examined showed major disruption to vascular patterning (Figure 4.6).  
Phloem poles are required for auxin transport to the root tip. These were poorly formed or not 
formed at all. Lack of auxin transport would prevent the formation the auxin maxima required 
for meristem formation. The xylem poles also show substantial disruption with loss of triarch 
patterning and reduction in cell number. 
 
 
Figure 4.6 Over-expression of miRN304 causes disruption to root vascular 
patterning.  100-120 µm vibratome root sections magnified at 40x showing bright field (A,C) and  auto fluorescence (B,D). The control root shows a normal vascular bundle with intact phloem poles (A, yellow arrows) and typical symmetrical triarch arrangement of the xylem (B, white arrows).  miRN304 over-expressing roots showed various disruptions to the vasculature including loss of phloem poles (C). The triach arrangement is lost and fewer xylem cells are seen (D). 
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4.3.6 35S:miRNA304 showed reduced GH3:GUS staining 
 
As auxin is required for meristem formation, we used GH3:GUS transformed plants to 
infer auxin distribution. A GH3:GUS roots over-expressing miRN304 showed a marked 
difference in vasculature staining compared to the empty vector control (Figure 4.7 A-
B). miRN304 over-expressing roots lacked staining in the vasculature and root tip 
suggesting disruption of auxin transport. In contrast the control roots showed strong 
staining of the vasculature, root tip and at the site LR formation (Figure 4.7 C-D). 
 
4.3.7 Application of exogenous glutathione or auxin does not rescue 
the miR304 phenotype. 
 
GH3:GUS staining raised the possibility the cause of the miRN304 over-expression 
phenotype may be a defect of auxin transport. Plant phenotypes defective in lateral root 
formation and found to have impaired auxin signalling have previously been partially 
rescued by the application of exogenous auxin (DiDonato et al., 2004, Casimiro et al., 
2001). miRN304 over-expressing plants grown on media supplemented with 10µM 
NAA for 28 days did not differ from the previously observed miRN304 phenotype 
(Figure 4.8 A).  The loss of the meristem seen in miRN304 over-expressing roots was 
previously observed in Arabidopsis  rml1 mutants (Vernoux et al., 2000). The rml1 
mutant is defective in GSH biosynthesis and the phenotype can be rescued with the 
application of 250 µM exogenous GSH. To determine if miRN304 over-expressing 
roots are could also be rescued by application of exogenous GSH miRN304 over-
expressing plants were grown on media supplemented with 20 mM GSH. After 28 days 
no variation with the miRN304 over-expressing grown with or without GSH was 
observed (Figure 4.8 B)    
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Figure 4.7 GUS staining of M. truncatula GH3:GUS. Hairy roots over-expressing 
miRN304 show a reduction in the level of GUS staining in the vasculature (A, B) 
compared to that observed in an empty vector control (C, D). 
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Figure 4.8 The miRN304 over-expression phenotype is unchanged by the 
application of exogenous auxin or glutathione. miRN304 over-expression 
transformants grown on (A) 10 µM NAA or (B) 20 mM GSH. Wildtype seedlings were 
also unchanged by (C) 10 µM NAA or(D) 20 mM GSH treatments Images taken 28 
days post germination. See figure 4.3 for example of miRN304 over over-expression 
transformant and wild-type grown in the absence of hormones.  
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4.3.8 Validation of miRN304 over-expression 
 
qRT-PCR was used to verify over-expression of the miRN304 pri-miRNA hairpin 
structure (Figure 4.9 A). Expression was consistently higher in pK7WG2D:miRN304 
transformed roots compared to the empty vector control although less than what would 
be expected from 35S driven over-expression generally. Taqman probes were used to 
validate the over-expression of mature miRNA (Figure 4.9 B). Both miRN304 and 
miR2087 were present at elevated levels in miRN304 over-expressing roots compared 
with the empty vector control. The higher expression level of miRN304 suggests it is 
the dominant mature sequence processed from the hairpin structure. This concurs with 
results reported in Chapter 3 (see Table 3.3). pK7WG2D contains the NPTII gene 
conferring kanamycin resistance to successfully transformed plants plus an eGFP  
reporter gene. The possibility that the observed phenotype was the result of the failure 
of the functional pK7WG2D cassette to integrate successfully into the plant genome 
was considered as a potential cause of the miRN304 phenotype.  eGFP fluorescence 
was observed, albeit infrequently, in miRN304 transformed roots (Figure 4.9 C). It is 
possible that the roots of these seedlings consist of largely dead cells, in which case the 
majority of eGFP expression will be lost soon after cell death, possibly due to cessation 
of the redox changes required for post-translational  modification of the eGFP protein 
(Steff et al., 2001). Therefore, PCR was used to check for NPTII and eGFP genes in 
cDNA from miRN304 over-expression and control roots. The results confirmed the 
presence of both genes in each sample (Figure 4.9 D).  
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Figure 4.9  Validation of miRN304 over expression. qRT-PCR analysis showed an increase, in comparison to the control, in expression of the hairpin precursor over-expressed in 35S:miRN304 transformed roots (A). The precursor contains before miRN304 and miR2087 mature forms.  qRT-PCR with Taqman probes showed increased levels of both mature forms (B).  miRN304 over-expressing roots under visible (left) and UV (right) light (C). eGFP expression shows successful transformation of over-expression vector pK7WG2D. Validation of marker integration into transformed plants. PCR analysis of root cDNA. NPTII, (lanes 2 and 4) and eGFP, (lanes 3 and 5) were confirmed in control pk7WG2D::GUS (lanes 2 and 3) and pK7WG2D::miRN304 (lanes 4 and 5). Lane 1: NEB 100bp ladder (D). Error bars = SE 
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4.3.9 miRN304 targets Mt-HB7 a homologue of AT-HB7 and AT-HB12 
 
We used TAPIR miRNA target prediction software to identify possible targets of 
miRN304 (Table 4.2). Modified 5ꞌ RACE was performed to detect cleavage of each 
predicted target. Only the Mt-HB7 (NCBI accession XP_003627511) transcript was 
found to be cleaved. Sanger sequencing showed that in eight of eight samples 
sequenced, each was cleaved between positions 10-11, relative to the miRNA (Figure 
4.9).  
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Table 4.2 Target prediction for miRN304. Target annotations show demonstrated or predicted target function and, when available, their homologues. 
Identifiers, Probe set Id Annotation, homologues miRNA/target alignment Cleavage detected? 
Mtr.18769.1.S1_at, 
TC175771at 
Leucine zipper, homeobox-associated; Homeodomain-related, AT-HB7, 
AT-HB12 homologue 
 
 3’GAUGGCUUCAUUCUUUGGCUG 5’  
|||o.||||||||..||.||| 
      5’CUAUGGAAGUAAGUUACGGAC 3’ 
 
Y 
TC176768, Mtr.51997.1.S1_at, 
MTR_5g037700 
TIR-NBS disease resistance-like protein. 
Homologous to; TMV resistance protein N-like (chickpea), TIR-NBS 
disease resistance-like protein (soybean) 
3’ GAUGGCUUCAUUCUUUGGCUG 5’ 
|||||||.||.||o||||.o. 
5’ CUACCGAUGUUAGGAACCAGA 3’ 
N 
Mtr.40937.1.S1_at, TC183408 
Transcription factor. Contains multiple TATA box binding domains 
(TBPs). Homologous to transcription factors in chickpea, soybean, 
cucumber, lotus 
 
 3’GAUGGCUUCAUUCUUUGGCUG 5’     
||||||.|..||||||||||. 
 5’CUACCGUAUGAAGAAACCGAA 3’ 
 
N 
TC174854, Mtr.25421.1.S1_at IQ calmodulin-binding. Homologous to IQ domain proteins in chickpea, soybean, strawberry, potato 
 
3’GAUGGCUUCAUUCUUUGGCUG 5’          
|.|||||||..||||||||.o 
5’CCACCGAAGGUAGAAACCGCU 3’ 
 
N 
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Figure 4.10 miRN304 targets Mt-HB7.  Modified 5ꞌ RACE analysis found cleavage of Mt-HB7 between positions 10-11, as indicated by the arrow, in 100% (8/8) of samples tested. 
 
 
 
 
 
Figure 4.11 Clustal alignment of miRN304 target Mt-HB7 with At-HB7 and At-
HB12. Mt-HB7 shares 55-54% identity with At-HB7 and At-HB12 respectively. Like Mt-HB7, At-HB7 and At-HB12 are Class I HD-ZIP genes. All three genes contain a DNA binding domain (red) and a Homeobox associated leucine zipper (underlined) 
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4.3.10 Mt-HB7 is up-regulated in miRN304 over-expressing root 
 
 Comparison of the expression level of Mt-HB7 as well genes known to be involved in root meristem formation including; WOX5, PLT2, PLT4, SHR, SCR, LOB29 and 
PIN9 were examined using qRT-PCR. Not un-expectantly, in roots lacking a meristematic zone, most of these were undetectable or at levels too low to be reliably analysed (data not shown). Interestingly, Mt-HB7 was found to be up-regulated in the miRN304 over-expression background ( Figure 4.12). This runs counter to what would be generally expected from a miRNA/target interaction. The possibility arises that an unknown regulatory element operates in conjunction with the miRN304/Mt-HB7 relationship. This may be part of a feedback loop that functions to fine tune Mt-HB7 expression and which has been disrupted by  
 
 
 
Figure 4.12 Mt-HB7 is up-regulated in miRN304 over-expressing roots. qRT-PCR showed Mt-HB7 was significantly (3.4 x) up-regulated on miRN304 over-expressing plants compared to the control. Students t-test  ** P < 0.01, Error bar = SE 
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4.3.11 Mt-HB7 expression correlates positively to water deficit 
 
Arabidopsis homologues of Mt-HB7, AT-HB7 and AT-HB12, have been shown to 
perform roles in both development and water deficit responses (Ré et al., 2014). Both 
genes are responsive to drought induced ABA up-regulation and are thought to act 
within a negative feed-back loop to modulate ABA levels (Valdes et al., 2012).  AT-
HB7 and AT-HB12 are also up-regulated when grown on media supplemented with 
mannitol, a simulator of drought stress.  In order to determine if Mt-HB7 responds to 
drought stress in a similar manner, transcript levels of Mt-HB7 from plants treated with 
ABA or mannitol were measured. Expression levels of Mt-HB7 were significantly 
higher at each time-point measured after plants were transferred to media containing 
either ABA or mannitol (Figure 4.13).       
 
 
4.3.12 miRN304 is not responsive to ABA or mannitol treatments  
 
As Mt-HB7 was strongly up-regulated by both ABA and mannitol treatments, it was 
expected that miRN304 expression would also be affected by these treatments. Taqman 
qRT-PCR was used to measure miRN304 response. However, we found no significant 
variation of miRN304 in roots treated with ABA or mannitol compared to untreated 
roots (Figure 4.14). 
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Figure 4.13 Mt-HB7 is up-regulated by increased ABA or mannitol. Three day old seedlings were transferred to liquid Fahraeus - media containing either 50 µM ABA (A) or 0.4 M mannitol (B). qRT-PCR was used to measure expression levels of the 
Mt-HB7 transcript; 1hr, 6hr or 24 hr after transfer. Mt-HB7 expression was significantly up-regulated at each time point expression when compared to an untreated control.   
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Figure 4.14 miRN304 is not responsive to increased ABA or mannitol.  Three day old seedlings were transferred to liquid F-media containing either 50 µM ABA (A) or 0.4 M mannitol (B). Taqman qRT-PCR was used to measure expression levels of miRN304 at; 1hr, 6hr or 24 hr after transfer. miRN304 expression was not significantly up-regulated any of the time points measured.   
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4.4 Discussion 
 
Root growth is controlled through the initiation and regulation of the root meristem. 
Although a number of protein coding genes have been shown to be crucial to meristem 
formation, only a small number of miRNAs have be identified that perform a similar 
role. This is surprising given the substantial involvement miRNAs have been shown to 
play in plant development.  Here, a novel miRNA, miRN304, when over-expressed, has 
been shown to effect root size and structure profoundly. Notable amongst these effects 
is the complete obliteration of the meristematic region, root cap, elongation zone and 
abnormal vascular development. It was found that miRN304 targets Mt-HB7, a 
previously unstudied gene and homologue of the developmentally important At-HB7 
and At-HB12 paralogues. Interestingly, although it was demonstrated that Mt-HB7 
transcripts are targeted by miRN304, examination of their expression levels showed Mt-
HB7 to be the only tested transcript to be up-regulated in miRN304 over-expressing 
roots.  
4.4.1 The miRN304 over-expression phenotype is analogous to loss of 
meristem mutants in Arabidopsis 
 
Few mutants have been reported that show a total loss of the root meristem as seen in 
miRN304 over-expressing roots. In those that do, such as rml1 in Arabidopsis, and latd 
in M .truncatula, the root phenotypes share many characteristics. Roots are invariably 
stunted, seldom reaching 5 mm, and show no further growth 1-2 days after emergence.  
In each case the meristematic and elongation zone, along with the root cap consist of 
mature, differentiated cells ectopic root hair are present on the root tip. Additionally, the 
vasculature extends distally to the root tip, and starch staining assays show a loss of 
meristematic cell density. (Cheng et al., 1995, Vernoux et al., 2000, Bright et al., 2005, 
Song et al., 2008).  
miRN304 over-expressing roots most closely resemble those of the Arabidopsis mutant 
rml1. RML1 encodes  gamma-glutamylcysteine synthetase (γ-GCS), the first enzyme of 
GSH biosynthesis and all tissue of rml1mutants lack GSH (May and Leaver, 1994). A 
phenotype similar to that seen in rml1 mutants can be induced in Arabidopsis by the 
application of exogenous buthionine sulphoximine (BSO). This inhibits GSH synthesis 
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and results in stunted roots and loss of QC identity. In both cases, the lack of GSH 
blocks G1-to-S phase transition preventing cell division. Like miRN304, BSO treated 
roots show a loss or depletion of auxin accumulation and, in the latter case, is 
accompanied by loss of PIN1, PIN2 and PIN7 expression (Koprivova et al., 2010) 
which is sufficient to prevent meristem formation.  
 
Unlike rml1 mutants and BSO-treated roots, the miRN304 over-expression phenotype 
cannot be rescued with the addition of exogenous GSH.  Examination of auxin 
localisation of PIN protein expression has not been performed on rml1, however it is 
known that, like miRN304 over-expressing roots, the addition of auxin does not rescue 
the phenotype.  The loss of auxin transport seen in BSO treated roots shows that loss of 
GSH perturbs auxin signalling and this may link miRN304 and RML1 to related 
pathways. Until further study is done however, this connection should be seen as 
tenuous, as GSH performs multiple roles in the plant cell including controlling the 
redox environment, a function which, when disturbed has profound and pleiotropic 
effects. An attempt was made to measure relative transcript levels in miRN304 over-
expressing roots of several genes involved in auxin transport and meristem formation 
including WOX5, PLT2, PLT4, SHR, SCR, LOB29 and PIN9. However, in miRN304 
over-expressing roots these transcripts were undetectable or at levels too low to be 
reliably analysed (data not shown). The lack of detectable transcripts of these genes is 
also suggestive of the loss of auxin transport as the expression of meristematic genes are 
ultimately auxin dependent. 
   
rml1 mutants show no disruption to axial and radial root patterning (Cheng et al., 1995). 
However, miRN304 over-expressing roots had major vasculature abnormalities and 
GH3:GUS expression analysis showed a lack of staining within the vasculature. The 
abnormal vasculature may prevent auxin transport to the root tip to an extent that 
meristem formation is either not possible or cannot be maintained. DR5:GUS staining 
has not been performed on rml1 but root sectioning did not reveal vasculature 
abnormalities (Vernoux et al., 2000). This being the case, if miRN304 over-expressing 
roots lack auxin transport as a result of abnormalities to the vascular bundle it is 
unlikely that miRN304 and rml1 share an identical auxin distribution. Therefore, it is 
unclear if failure to maintain a root meristem is the result of an inability to transport 
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auxin to the root tip or a failure to produce an auxin maxima at the site of meristem 
formation through the loss of polar auxin transport. It could reasonably be expected that 
polar auxin transport could produce the auxin maxima given an adequate supply to the 
root tip through exogenous application.  Although it is unclear if the mechanism 
underlying auxin transport loss is shared between miRN304 over-expression and rml1, 
it is likely that each phenotype is linked to the failure to establish and/or maintain an 
auxin maximum at the site of meristem formation. Alternately, the vascular disruption 
seen in miRN304 over-expressing roots may cause a loss of nutrient distribution 
resulting in cell senescence or death. 
  
In M. truncatula latd mutants produce a root phenotype very similar to that of the 
miRN304 over-expression phenotype and rml1.  As latd mutants are not rescued by 
GSH addition it is unlikely that latd is the M. truncatula homologue of RML1. The latd 
mutant produces normal roots which progressively lose their meristem, elongation zone, 
root cap and don’t grow beyond a length of ~ 1-2 mm. Like the miRN304 over-
expression phenotype, latd mutants show ectopic root hairs extending across the full 
surface of the root tip. As root-hairs begin emergence from the differentiation zone in 
wild-type roots the appearance of ectopic root hairs in miRN304 over-expressing roots 
is a further indication that miRN304 root tips consist of differentiated cells only. 
Microscopy showed a number of miRN304 roots appeared to retain a wild-type 
structure (visible meristematic zone, no ectopic root hairs, no vascular extension into 
the root tip). These roots did not, however, measure more than ~ 2 mm after 14 days. It 
is possible that miRN304 transformed roots generally grow in a similar fashion to the 
latd mutants and the cells of the meristematic region stop dividing, enlarge and 
differentiate. In Arabidopsis, it has been shown that, although formed, the lateral root 
meristem does not function until it has emerged from the main root (Malamy and 
Benfey, 1997). Therefore, given the stunted nature of miRN304 transformed roots, it is 
not clear if they contain a fully functioning meristem at any point. Therefore, the 
phenotype may either be the result of the loss of the meristem or the failure to initiate its 
function.      
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4.4.2 The miRN304 over-expression phenotype is not a result of low 
transformation efficiency 
 
The over-expression pRi plasmid pK7WG2D was contained within the A. rhizogenes 
strain ARqua1. Previously, auxin sensitivity genes contained within both the 
A.rhizogenes strain and the plant have been shown to be involved in ‘hairy root 
‘transformation efficiency (Lima et al., 2009). There is a possibility that miRN304 acts 
by an unknown mechanism to block efficient transformation, perhaps by interfering 
with auxin transport/perception. Although this possibility cannot be ruled it should be 
considered unlikely for several reasons. Firstly, although a six-fold reduction in 
seedlings producing initial roots was observed, there was no significant difference in the 
average number of roots per plant. It was reasoned that if the transformation mechanism 
was interrupted then fewer initial roots would appear. Stunted roots, similar in size to 
miRN304 over-expressing also occasionally appeared on the control plants. However, 
unlike in miRN304 over-expressing roots, the transformation markers NPTII or eGFP 
were not detectable. The presence of these markers in miRN304 over-expressing roots 
are strong indicators that the miRN304 pri-miRNA had been successfully integrated.  
Finally, an increase in expression in both the miRN304 precursor and the mature form 
were detected.  Given these observations, it is possible that the majority of miRN304 
over-expressing transformants have arrested root development prior to emergence from 
the radicle and those roots that are observed represent only those most developmentally 
active. It would interesting to observe miRN304 over-expressing roots at the earliest 
stage of transformation in order to determine the number of root initiation events.          
4.4.3 Homologues of Mt-HB7 are involved in development and stress 
response 
Modified 5ꞌ RACE showed Mt-HB7 to be a target of miRN304. Mt-HB7 is a class I 
homeobox-leucine zipper transcription factor. It contains a homeodomain DNA binding 
domain and a homeobox associated leucine zipper domain. Mt-HB7 has two 
Arabidopsis homologues, AT-HB7 and AT-HB12, and shares 55% (121/202) and 54% 
(112/207) amino acid identities respectively (Figure 4.11). As Mt-HB7 shares equal 
similarity with both At-HB7 and At-HB12, it is unclear which is should considered the 
true homologue. AT-HB7 and AT-HB12 are paralogous genes that co-ordinate 
developmental processes through inverse expression patterns. These are dependent on 
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developmental time points and mutual interaction (Hjellström et al., 2003, Olsson et al., 
2004).  However, BLAST analysis suggests that M. truncatula does not possess a 
paralogue of Mt-HB7 and it is likely that the HB7/ HB12 expression pattern seen in 
Arabidopsis is poorly conserved as it has only been identified in one other species, 
Capsella rubella, to date (Ré et al., 2014). Given this, it is possible that miRN304 acts 
like a Mt-HB7 paralogue during development.  AT-HB7 and AT-HB12 have been also 
shown to be responsive to drought stress where the inverse expression pattern is lost and 
both genes are up-regulated and act independently (Ré et al., 2014). Therefore, in 
Arabidopsis, these genes perform both dual and separate roles in development and stress 
response respectively.  Like At-HB7 and At-HB12, Mt-HB7 is up-regulated by mannitol 
stimulated drought stress and ABA. Therefore it is likely that Mt-HB7 performs a 
similar role to At-HB7 and At-HB12 under drought stress conditions. The absence of 
Mt-HB7 paralogue means that its role in in development is less clear. 
4.4.4 The miRN304 over-expression phenotype may be the result of a 
cytokinin induced stress response 
 
miRN304 may be linked to Mt-HB7 through a cytokinin stress response. miRN304 was 
predominantly expressed in BAP treated NFRC tissue. Cytokinins have been linked to 
stress responses and NRFC are cultured on cytokinin levels well above physiological 
levels.  Exogenous cytokinin treatment reduces meristem size in Arabidopsis, probably 
by antagonising auxin signalling (Dello Ioio et al., 2007). Cytokinins can also inhibit 
lateral root formation by repressing the expression of PIN proteins (Laplaze et al., 2007) 
and auxin polar localisation (Marhavý et al., 2014) preventing lateral root founder cells 
from entering mitosis. As miRN304 was predominantly expressed in BAP treated 
NRFC it is possible the miRN304 over-expression phenotype is a stress response to 
elevated cytokinin levels. miRN304 expression may act upon stress responsive Mt-HB7 
expression to prevent meristem formation, inducing root senescence.      
4.4.5 Mt-HB7 may be indirectly up-regulated by miRN304 over-
expression 
 
qRT-PCR analysis showed Mt-HB7 transcript levels are increased in miRN304 over-
expressing hairy roots. This result is counter-intuitive to the prevailing idea that 
miRNAs directly down-regulate their targets. 5ꞌ RACE and Sanger sequencing showed 
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definitively that Mt-HB7 is targeted by miRN304. However, 5ꞌ RACE analysis uses 
PCR to detect target cleavage. As this process is not quantitative it is not possible to 
determine the proportion of Mt-HB7 transcripts targeted by miRN304 that are cleaved. 
It is possible that the extent of targeting of Mt-HB7 by miRN304 is insufficient to 
produce any phenotypic variation from the wild-type. If this is the case, then the 
significant up-regulation of Mt-HB7 seen in miRN304 over-expressing roots may be 
unrelated to direct targeting of Mt-HB7 by miRN304. The miRN304 over-expression 
phenotype is severe and it can expected that many developmental and stress-related 
genes will be differentially expressed between it and roots over-expressing an empty 
vector control. Indeed, many genes known to be important for root development were 
undetectable at a transcriptional level in miRN304.   
The up-regulation of Mt-HB7 in miRN304 over-expressing roots does not necessarily 
preclude a direct and biologically significant miRN304/Mt-HB7 interaction.  Hill et al., 
(2014) analysed differential expression patterns of miRNA between human ovarian 
cancer tissues.  Thirty-one significantly differentially expressed miRNAs were 
identified. Dependent on which target prediction software was employed only 23-24% 
of target genes showed an inverse correlation with miRNA expression.  54-62% showed 
no change while 13-16% showed a positive correlation. The authors suggested a new 
model to explain the up-regulation of the targets of miRNAs. The transcriptional 
override model (TOM) (Figure 4.15) proposes that a significant proportion of 
microRNAs induce increased target transcript levels by also targeting a repressor of the 
target (Hill et al., 2014). These feed-forward loops cause de-repression of targets 
resulting in increased transcript levels.  The authors emphasise the latter case using the 
example of (vascular endothelial growth factor A) VEGFA, which in ovarian cancer 
epithelial cells is the target of 11 up-regulated miRNA (Figure 4.16). Despite this 
VEGFA transcript levels are significantly elevated. Five of the miRNAs targeting 
VEGFA also target zinc finger transcription factor 24 (ZNF24) a repressor of VEGFA.  
Predicted targets of miRN304 could not be positively identified as repressors of Mt-
HB7. However, the possibility remains that increased Mt-HB7 transcript levels seen in 
miRN304 is a result of a similar feed forward loop.  
 
Another explanation for the increased Mt-HB7 transcript levels may be the 
accumulation of uncleaved transcript within ribosomes. The possibility the Mt-HB7 
protein may trigger a negative feedback loop preventing or reducing further Mt-HB7 
transcription was considered (Figure 4.15). In this scenario, the chief cause of miRNA 
121 
 
regulation is translational attenuation. Loss or reduction of translation prevents down-
regulation of Mt-HB7 via an unknown repressor. Un-translated transcript accumulates in 
the ribosome resulting in increased levels detected by qRT-PCR.   
 
Conclusions 
It is highly probable that miRN304 is a genuine miRNA. Support for this was shown 
through analysis of the MIRN304 hairpin pre-cursor and the validation experiments 
performed. miRN304 targets HD-ZIP transcription factor Mt-HB7 which is stress 
responsive and may be the functional homologue of At-HB7 or At-HB12. It was 
confirmed through 5ꞌ RACE analysis, that miRN304 cleaves the transcript of Mt-HB7.  
However, the extent to which this cleavage is responsible for the miRN304 over-
expression root phenotype has not been determined. The increase in Mt-HB7 transcripts 
detected in miRN304 over-expressing roots is highly suggestive of a, as yet unknown, 
regulatory mechanism aside from transcriptional cleavage. Further studies might focus 
on demonstrating a definitive miRN304/Mt-HB-7 functional relationship perhaps 
through proteomic studies to determine the true extent of Mt-HB7 regulation            
 
 
Figure 4.15 Possible modes of action of miRN304. Up-regulation of Mt-HB7 in miRN304 over-expressing roots may be result of simultaneous down regulation of a target represser. In the TOM model (A), miRNA targeting of the repressor gene is more efficient than that of Mt-HB7. This results in a net increase in Mt-
HB7 expression. An alternate explanation is that Mt-HB7 negatively feeds back on itself via a repressor (B). Translational repression of Mt-HB7 prevents inducement of the repressor. Mt-HB7 transcripts associated with the ribosome remain intact and are detected at increased levels by qRT-PCR. Image (A) by (Hill et al., 2014) reproduced by permission of BMC genomics 
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Figure 4.16  Complexity of the VEGFA/miRNA network.  In human ovarian 
cancer, the up-regulation of multiple miRNAs also results in the up-regulation of a 
common target (VEGFA). Target up-regulation is a result a miRNA co-targeting of 
ZNF24, a repressor of VEGFA. Image by (Hill et al., 2014) reproduced by permission 
of BMC genomics. 
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5 miR166g-5p over-expression increases nodule number in 
Medicago truncatula 
 
5.1 Abstract 
 
In the absence of sufficient soil nitrogen, legumes such as M. truncatula, can produce 
symbiotic nitrogen fixing nodules in partnership with soil dwelling bacteria known as 
rhizobia.  Nodule organogenesis requires the induction of networks of transcription 
factors which are frequent targets of miRNAs. The formation of nodules requires the 
consumption of resources which would otherwise contribute to different facets of a 
plants growth and survival. For this reason, nodule numbers are tightly regulated by a 
genetic feed-back network known as the Auto-regulation of Nodulation Network 
(AON). Members of the highly conserved microRNA family miR166 have been 
reported to perform roles in plant development. In M .truncatula, miR166a negatively 
regulates nodule number and root length. In Chapter 3 of this thesis, deep sequencing 
identified miR166g-5p as one of the most highly expressed miRNAs across all tissue 
samples analysed. miR166g-5p is located on the opposite hairpin arm as miR166-3p, 
which has the same sequence as miR166a, and the pair form a canonical pre-miRNA 
passenger/guide strand conformation. Over-expression of the hairpin structure 
containing miR166-5p and miR166-3p results in a 2.5 fold increase in nodule numbers 
on rhizobia inoculated ‘hairy roots’. qRT-PCR analysis of miR166g over-expressing 
roots showed expression levels of CLE12, CLE13 and NIN, genes involved in the 
AON, to be significantly altered. qRT-PCR analysis also showed that miR166g-5p is 
likely to operate independently and does not increase nodule numbers by antagonising 
miR166g-3p or miR166a function. 
               
5.2 Introduction 
 
A major limiting factor to plant growth is the availability of nitrogen. Although it exists 
in gaseous form (N2) as the major component of the atmosphere, in this form it cannot 
be directly assimilated into plant tissue. Plants are able to utilise soil based nitrogen 
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compounds such as nitrate and ammonium but these are scarce in many soils and can be 
quickly depleted. Loss of an adequate supply of usable nitrogen can have a major effect 
on plant architecture and is a major factor in reduced agricultural yield (Stewart and 
Roberts, 2012). Supplementing soils with synthetic nitrogen based fertiliser is a 
significant cost of farm production and has detrimental environmental effects such as 
soil acidification (Hungria et al., 2006, Dai et al., 1998). Leguminous plants are able to 
overcome the problem of growth in nitrogen poor soils by forming a symbiotic 
relationship with bacteria known as rhizobia.  This relationship enables legumes to form 
a new root organ, the root nodule which houses the bacteria as bacteroids. Bacteroids 
catalyse the reduction of atmospheric N2 to NH3 and then to glutamine (Roth and 
Stacey, 1989). It is in this form that nitrogen is supplied to the plant (Ferguson et al., 
2010).  
The symbiotic relationship is initiated in response to low soil nitrogen availability. 
Under these conditions roots secrete chemical signals, principally flavonoid compounds, 
into the surrounding rhizosphere (Spaink, 2000). These are detected by rhizobia which 
respond by moving toward the root and producing lipochitin oligosaccharides (nod 
factors). Nod factors induce the plants nodulation pathway. Root hairs then curl around 
the bacteria, drawing it, via an infection thread, to the site of nodule formation (Calvert 
et al., 1984).   
5.2.1 Genetic control of nodulation 
A detailed description of nodulation is presented in section 1.7.2 
5.2.2 Phytohormones involved in nodulation 
 
Nodule organogenesis closely resembles that of other plant organs. Many plant 
hormones play crucial roles in all organogenesis. New meristems form at the site of 
auxin maxima (Dubrovsky et al., 2008) and cytokinin is required for cell division. 
Disruption to transport, perception and dosage of either of these hormones has been 
shown to have a significant effect on nodulation (Hirsch et al., 1989, Mathesius et al., 
1998, Gonzalez-Rizzo et al., 2006, Tirichine et al., 2007). Gibberelins play a role in 
regulating plant growth and have been shown to be involved in regulating nodule 
number in several legume species (Ferguson et al., 2005, Williams and Demallorca, 
1984). Ethylene, abscisic acid (ABA) and Jasmonic acid (JA) all inhibit the nodulation 
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pathway in M. truncatula and ethylene insensitive mutants hypernodulate (Penmetsa 
and Cook, 1997, Stacey et al., 2006, Achard et al., 2004).  Similarly, salicylic acid 
reduces nodule number, most likely as a modulator within the autoregulatory network 
(Sato et al., 2002, Stacey et al., 2006). 
 
5.2.3 Nodule numbers are controlled by the Auto-regulation of 
nodulation network (AON) 
 
Nodulation is energy expensive and the plant must provide significant amounts of 
carbon to the bacteroid to drive nitrogenase function and bacterial metabolism (Schuize 
et al., 1999). AON tightly controls nodule number in response to nodule initiation and 
variation in nitrogen availability. CLAVATA3/ESR related (CLE) peptides are up-
regulated in the root after inoculation and it is likely that long distance signalling by 
members of the CLE family are perceived by supernumerary nodules 4 (SUNN4) , a 
LRR RLK produced in the shoot phloem (Okamoto et al., 2009, Gresshoff et al., 2009). 
SUNN4 is crucial for AON and sunn mutants display a super nodulating phenotype.  
 
5.2.4 microRNA are regulators of root organogensis 
 
miRNA166 belongs to a broad family of miRNA known as miR166/165. This family is 
highly conserved and its discovery in lycosperms, (Floyd and Bowman, 2004) the oldest 
known examples of vascular plants, suggests it is amongst the most ancient of plant 
miRNA.  miR166 plays a crucial role in plant development by targeting members of the 
CLASS III HOMEODOMAIN-LEUCINE ZIPPER (HD –ZIP III) protein family 
(Emery et al., 2003, Carlsbecker et al., 2010). miR166 is required for both shoot and 
root meristem activity, leaf polarity and the pattering of  vascular and floral (Jung and 
Park, 2007, Juarez et al., 2004, Carlsbecker et al., 2010). In M. truncatula, miR166a-3p 
regulates lateral root density and nodule number by targeting HD-ZIP III family 
members; MtCNA1, MtCNA2 and Mt-HB8 (Boualem et al., 2008). In M. truncatula 
only miR166a and miR169, which targets the transcription factor HAP2-1 (Combier et 
al., 2006) have been shown to affect nodulation. 
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5.2.5 miR166g-5p 
 
Currently, miRBase contains sixteen entries within the M. truncatula miR166 family, 
including mature forms previously classified as * (passenger) strand sequences. 
Previously we found one of these, miR166g-5p, to be among the most abundant mature 
21 nt sequences expressed in the M. truncatula small transcriptome and the most 
common within the miR166 family (Eyles et al., 2013) ( Table 5.1). The miR166g-5p 
precursor also contains a sequence identical to miR166a-3p and both sequences are 
processed into pre-miRNA as a guide/passenger strand pair. Here, we show that unlike 
miR166 precursors previously examined in M. truncatula, the mature miR166a 
sequence is produced at lower numbers than the miR166g-5p mature sequence and that 
over-expression of the latter results in increased nodule numbers. Although no predicted 
target could be confirmed, it was show that miR166g-5p acts autonomously and that the 
observed phenotype is not a result of interference of the nodule number reducing action 
of miR166a-3p.  
 
5.3 Results  
 
5.3.1 Identification of MIR166g tertiary structure 
 
Previously deep sequencing analysis found the sequence GGAATGTTGTCTGGCTCGAGG 
(miR166g-5p) to be highly expressed in the M. truncatula small transcriptome, being 
exceeded only by isoforms of miR159 and miR172 (see Table 3.3). miR166g-5p counts 
exceeded the combined counts of previously described M. truncatula isoforms (a, e and 
g) of miR166 in all tissues deep sequenced (Table 5.1). miR166g-5p mapped to a single 
genomic location (Chr 8 9298806). A 201bp region (90 bp upstream and 90 bp 
downstream of the miR166g sequence) was analysed using Mfold. A tertiary structure 
which contained a single canonical microRNA hairpin within which the mature 
miR166g-5p sequence was found (Figure 5.1 A). The mature sequence is on the 
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opposite strand to a sequence identical to mtr-miR166a (Boualem et al., 2008) in a 
configuration conforming to a guide/passenger strand pairing (Figure 5.1 B).  
 
 
Table 5.1 Normalised read counts of miR166g-5p and miR166a ,e, g-3p.  Counts for miR166g-5p were higher than the combined miR166a,e,g-3p isoforms in all tissue samples analysed. RFC = root forming callus, NFC = non-root forming 
callus, RT=root tip, EZ=elongation zone. 
 
 
 
 
5.3.2 Mtr-MIR166g over-expression results in increased nodule 
number 
 
The pCaMV35S over-expression vector pK7WG2D containing MIR166g was 
transformed into cv. Jemalong A17 seedling roots. Mature nodules, expressing the 
eGFP marker contained within pK7WG2D, were frequently observed 14 d post 
inoculation (p.i.) with Sinorhizobium meliloti 1021 (Figure 5.2 A, B). At this time point 
nodule numbers were scored for MIR166g over-expressing roots and GUS over-
expressing (empty vector control) roots. This was counted as total nodules per plant 
(Figure 5.2 C) and as an average per root cm (Figure 5.2 D). Plants over-expressing 
MIR166g produced 2.5 fold more nodules per plant and 6 fold more per root centimetre 
than the empty vector control.  Root length and lateral root density were also analysed, 
however, no significant difference between MIR166g over-expressing plants and those 
over-expressing the empty vector control was found.  
 
 
Isoform RFC NFC RT EZ 
mtr-miR166g-5p 37676 77828 34651 15987 
mtr-miR166a, e, g-3p 5117 24340 6430 3424 
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Figure 5.1 Predicted tertiary structure of MIR166g. Nucleotide sequences 180 bp upstream from 166g-5p position one and 180 bp downstream from 166g-5p position 21 were folded using Mfold Quikfold. The structure shown has the lowest possible free energy for the sequence displayed (A). Enlarged area shows the hairpin region containing miR166g-5p and miR166g-3p. miR166g-3p has a 2 nt 3' overlap relative to miR166g-5p  (B).  
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Figure 5.2 MIR166g over-expression results in increased nodule numbers on M. 
truncatula roots. MIR166g over-expressing roots had produced nodules 14 days p.i. (A) and expressed eGFP, confirming transformation of the over-expression vector (B). Nodule number was collated at this time point as (C) total nodules per plant and (D) nodules per root cm. In both cases nodule numbers on plants over-expressing MIR166g were significantly higher than those of the empty vector control (35S:GUS). Student t-test (*, P <0.05, **, P <0.01).  Error bars = SE.  
 
5.3.3 Increased nodule number in MIR166g over-expressing root is 
not the result miR166g-5p antagonism of mtr-166a, e, g-3p 
 
 
It is known that miRNAs can be regulated by antisense (antagomirs) (Krutzfeldt et al., 
2005) or near antisense (sponges) (Ebert et al., 2007) sequences contained within 
transgenes.  As over-expression of MIR166g increases nodule numbers the possibility 
that mtr-miR166g-5p is an antagonist of mtr-miR166a was examined. qRT-PCR was 
used to examine relative expression of the MIR166g hairpin precursor and both miR166 
mature forms contained within it. Under control of the 35S promoter the MIR166g pre-
cursor was strongly expressed relative to the empty vector control (Figure 5.3 A) 
confirming successful transformation with A. rhizogenes. Taqman probes were used to 
examine the relative expression of mir166g-5p and miR166g-3p (Figure 5.3 B). Both 
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sequences were up-regulated relative to the empty vector control suggesting that levels 
of miR166g-3p is maintained as miR166g-5p expression is increased.  Previously, 2 x 
35S driven over-expression of MIR166a resulted in the down-regulation of a number of 
nodulation genes and reduced nodule numbers.(Boualem et al., 2008) 5' RACE assays 
showed mtr-miR166a targets the Class III HD-Zip proteins CORONAI and II (CNAI, 
CNAII)  and HOMEOBOX GENE8 (HB8) (Boualem et al., 2008). We reasoned that if 
the increased nodulation observed in MIR166g-5p over-expressing plants was a result 
of miR166a antagonism a corresponding up-regulation of miR166a targets would be 
seen. qRT-PCR was used to compare relative transcript levels between MIR166g over-
expressing roots and an empty vector control (Figure 5.4). No significant differences 
were found, suggesting that the miR166a / target relationship is not disrupted by the 
over-expression of miR166g-5p. 
 
  
Figure 5.3 RT-PCR validation of miR166g over-expression in transgenic roots. Expression of the MIR166g hairpin construct was up-regulated an average 486 fold in roots over-expressing MIR166g compared to those expressing an empty vector control (A).  miR166g mature forms 166g-5p and 166g-3p, contained on MIR166g were up-regulated  an average 2.8 and 2.7 fold respectively in MIR166g over-expressing  roots compared to an empty vector control (B). Error bars =SE.    
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Figure 5.4 qRT-PCR analysis miR166a targets in MIR166g over-expressing 
roots. In M.truncatula CNA1, CNA2 and HB8 are down-regulated by miR166a. Over-expression of MIR166g which contains miR166g-5p, a potential antagonist of miR166a had no significant effect on transcript levels of these genes.  
P > 0.05. Error bars = SE  
5.3.4 MIR166g and miR166g-5p but not miR166g-3p is up-regulated 
in roots 7-8 days post inoculation and in nodule bearing roots 
 
To determine the expression levels of mtr-miR166g-5p in inoculated roots, qRT-PCR 
was used to determine relative expression of MIR166g and miR166g-5p in non-
inoculated roots, inoculated roots and nodule bearing roots. After germination, seedlings 
were transferred to medium with or without 5M KNO3 as a nitrogen source. The roots 
of 25% of the seedlings grown on medium without nitrogen were inoculated with 
Sinorhizobium meliloti 1021.  Roots were collected at 4 days post transfer, 7 days post 
transfer and 12 days after nodules began to appear. MIR166g expression was 
significantly higher in roots seven days post-inoculation and in nodule bearing roots 
compared to roots collected after four days growth on nitrogen containing medium 
 ( Figure 5.5 A) suggesting that the MIR166 up-regulated in nodulating roots. qRT-PCR 
was then used to analyse the expression levels of the miRNA mature forms contained 
on MIR166g. Comparison was made between miR166 mature form levels in roots 
collected after four days growth on nitrogen and roots grown without nitrogen eight 
days post inoculation and 12 days after nodules began to appear. miR166g-5p but not 
miR166a, e, g-3p was significantly up-regulated in the inoculated and nodule bearing 
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roots (Figure 5.5  B). The lack of miR166a, e, g-3p up-regulation is telling as MIR166g 
was observed to be up-regulated at the time points measured. It is probable therefore 
that miR166g-5p is the predominate mature form processed from MIR166g and that 
miR166g-3p contributes little to the observed increase in nodule numbers.    
 
Figure 5.5 MIR166g, miR166g-5p but not miR166g-3p is up-regulated in roots 
from seven days post-inoculation.  MIR166g hairpin and MIR166g mature form expression was compared in M. truncatula root tissue at different time points and treatments. MIR166g expression was significantly up-regulated in root tissue 7 days post-inoculation with S. meliloti 1021 and in root tissue bearing mature nodules 12d post inoculation (A). Expression in tissue samples shown is relative to four day old seedling roots grown on media containing 5 M KNO3 as a nitrogen source. qRT-PCR analysis of miR166g mature form using Taqman probes (B). miR166g-5p is up-regulated in inoculated roots relative to four day old seedlings grown of nitrogen supplemented media. Student t-test (**, P < 0.01, ***, P < 0.001). (N - = nitrogen free medium, N = nitrogen containing medium, Inoc = inoculation). Error bars = SE 
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CLE12, CLE13 and NIN expression is altered in MIR166g over-expressing plants 
 
To help elucidate the positive role miR166g may play in nodulation, the relative 
expression of a number genes known to be involved in the nodulation pathway was 
examined using RT-PCR (Figure 5.6). Transcripts of AON regulators, CLE12 and 
CLE13, were found to significantly down-regulated in MIR166g over-expressing roots, 
a result consistent with increased nodulation (Gresshoff et al., 2009) . NIN, a positive 
regulator of nodulation and is required for CLE12 and CLE13 induction was up-
regulated. NSP1, ENOD11 and ENOD40, genes also known to operate within the 
nodulation pathway were also included in this assay. No significant expressing 
differences between MIR166g over-expressing roots and those expressing an empty 
vector control was found (data not shown). 
 
Figure 5.6 Effect of MIR166g over-expressing on nodulation genes. The expression level of genes involved in nodulation was examined using RT-PCR.  CLE12, CLE13 and NIN were differentially expressed in MIR166g over-expressing roots relative to the empty vector control.  Student t-test (*, P <0.05).    
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5.3.5 Target Prediction 
 
We used the on-line plant miRNA target predictor ‘TAPIR’ to identify possible targets 
for miR166g-5p. Initial prediction done using the TAPIR default cut-off score of 4.0 
identified no potential targets which were felt likely to explain a hyper-nodulation 
phenotype. Prediction was repeated using an increased cut-off score of 9.0. This 
allowed for very ‘lose’ miRNA/target pairing but increased the number of potential 
targets. Predicted targets of mir166g-5p included homeobox leucine-zipper-like HB-1 
and HB-12. Also identified were homologues of HD-ZIP III transcription factors At-
HB14 and At-HB15 and At-REVOLUTA which is required for shoot meristem 
formation (Prigge et al., 2005). As homeobox transcription factors are involved in many 
aspects of plant development it was considered that these may play a role in nodule 
organogenesis. Nine targets were selected for analysis with 5' RACE. No cleavage 
products were detected leaving the possibility that miR166g-5p may down-regulate its 
target using an alternate mode of action or that other targets were not identified. 
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 Table 5.2 Target prediction for miR166g-5p Annotations show demonstrated or predicted target function and, when available, their homologues 
  
 
Predicted Identifier Alternate Identifiers Mt Annotation Homologues miRNA/target Alignment RACE Detected? 
Mtr.20399.1.S1_at    
miRNA_3’  GGAGCUCGGUCUGUUGUAAGG 
          o|||||.o||||||.|||||| 
target_5' UCUCGAAUCAGACACCAUUCC 
- 
Mtr.34740.1.S1_at  ICE-LIKE protease  
miRNA_3’  GGAGCUCGGUCUGUUGUAAGG 
          ||.|||||o.||||o|||||. 
target_5' CCACGAGCUUGACAGCAUUCG 
- 
Mtr.13560.1.S1_at; NP7276733 TC187357 
Aladin 
RNA-transport 
WD40 domain 
ALADIN-LIKE 
miRNA 3'  GGAGCUCGGUCUGUUGUAAGG 
          o||||||.|.|||o|||||o| 
target 5' UCUCGAGACCGACGACAUUUC 
N 
Mtr.17342.1.S1_s_at    
miRNA_3’  GGAGCUCGGUCUGUUGUAAGG 
          o||||||.|.|||o|||||o| 
target_5' UCUCGAGACCGACGACAUUUC 
- 
Mtr.10636.1.S1_at TC180375 MYB TF  
miRNA_3’  GGAGCUCGGUCUGUUGUAAGG 
          |||||.|||o||.||o|||.. 
target_5' CCUCGUGCCGGAGAAUAUUAA 
N 
Mtr.7821.1.S1_at; Medtr8g026770   
miRNA_3’  GGAGCUCGGUCUGUUGUAAGG 
          ||||||||||||||||||||| 
target_5' CCUCGAGCCAGACAACAUUCC 
 
Mtr.8637.1.S1_at; TC186274   
miRNA_3’  GGAGCUCGGUCUGUUGUAAGG 
          ||.o||||||||.|.|||||. 
target_5' CCCUGAGCCAGAGAUCAUUCA 
N 
Mtr.38891.1.S1_at  
Aladin 
RNA-transport 
WD40 domain 
ALADIN-LIKE 
miRNA_3’  GGAGCUCGGUCUGUUGUAAGG 
          |||o|o|||||..|.|||||| 
target_5' CCUUGGGCCAGUAAUCAUUCC 
- 
TC186315  
Phosphatidyl 
serine synthase 
(PSS 1 &2 
families) 
multiple predicted 
phosphatidylserine 
synthase 2-like 
proteins 
miRNA_3’  GGAGCUCGGUCUGUUGUAAGG 
          |||||.|||o|o|||o|||.. 
target_5' CCUCGUGCCGGGCAAUAUUGA 
N 
NP7261868 Mtr.20399.1.S1_at none 
hypothetical protein 
bll4385 
[Bradyrhizobium 
japonicum] 
miRNA_3’  GGAGCUCGGUCUGUUGUAAGG 
          o|||||.o||||||.|||||| 
target_5' UCUCGAAUCAGACACCAUUCC 
- 
TC187338 Mtr.2998.1.S1_at 
mRNA capping 
enzyme, 
methyltransferase 
multiple mRNA cap 
guanine-N7 
methyltransferase 
1-like proteins 
miRNA_3’  GGAGCUCGGUCUGUUGUAAGG 
          |||||.|||.||o||||||.. 
target_5' CCUCGCGCCUGAUAACAUUAA 
- 
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 Table 5.2 Target prediction for miR166g-5p Annotations show demonstrated or predicted target function and, when available, their homologues
 
Predicted Identifier Alternate Identifiers Mt Annotation Homologues miRNA/target Alignment RACE Detected? 
TC197504 Mtr.17342.1.S1_s_at GenBank:AJ500990 
Aladin 
RNA-transport 
WD40 domain 
ALADIN-LIKE 
Highly conserved 
eukaryotic protein. 
miRNA_3’  GGAGCUCGGUCUGUUGUAAGG 
          o||||||.|.|||o|||||o| 
target_5' UCUCGAGACCGACGACAUUUC 
- 
NP7269292 GenBank: ABD33334.2 
Polynucleotidyl 
transferase, 
ribonuclease H 
fold, putative 
A.thalinia. 
polyprotein,copia-
like retroelement, 
miRNA_3’  GGAGCUCGGUCUGUUGUAAGG 
          o||||||||||.||.|o|.|| 
target_5' UCUCGAGCCAGUCAUCGUGCC 
- 
TC193798 
Mtr.38891.1.S1_at 
GenBank: 
AW686252.1 
Aladin 
RNA-transport 
WD40 domain 
Glycine max 
aladin-like 
miRNA_3’  GGAGCUCGGUCUGUUGUAAGG 
          |||o|o|||||..|.|||||| 
target_5' CCUUGGGCCAGUAAUCAUUCC 
- 
BQ150808  clp protease            proteolytic subunit  
miRNA_3'  GGAGCUCGGUCUGUUGUAAGG 
aln       |||o.o||.|||||||||||| 
target_5' CCUUUGGCAAGACAACAUUCC 
- 
EX527676  none none 
miRNA_3'  GGAGCUCGGUCUGUUGUAAGG 
aln       o|||.||||||||.||o|||. 
target_5' UCUCAAGCCAGACUACGUUCG 
- 
BQ137156 Mtr.3932.1.S1_at   
miRNA_3'  GGAGCUCGGUCUGUUGUAAGG 
aln       |..|||||.|||||o|||||. 
target_5' CGACGAGCGAGACAGCAUUCA 
- 
Mtr.11902.1.S1_at XM_003626957.1 MTR_8g013980 
Homeobox-leucine 
zipper protein ATHB-15 
miRNA_3'  GGAGCUCGGUCUGUUGUAAGG 
          ..|..o.|o||.||||||.|| 
target_5' AAUAUGACUAGUCAACAUCCC 
 
N 
Mtr.49221.1.S1_at XM_003597204.1 MTR_2g094520 
Homeobox-leucine 
zipper protein 
REVOLUTA-like, 
HB1-like, HB11-
like, HB12-like 
miRNA_3'  GGAGCUCGGUCUGUUGUAAGG 
          ...o.||||.|o|||||..o| 
target_5' AAGUAAGCCCGGCAACAGCUC 
 
N 
XM_003594472  Homeobox-leucine zipper protein 
ATHB-14, 
HOX32-like 
miRNA_3'  GGAGCUCGGUCUGUUGUAAGG 
          o||o.o...||||||||..o| 
target_5' UCUUUGAGAAGACAACAACUC 
N 
Mtr.37018.1.S1_at TC188752 XP_003620578.1 
UDP-
glucosyltransferase 
multiple 
glucosyltransferases 
miRNA_3'  GGAGCUCGGUCUGUUGUAAGG 
          .o..|..|||.|o.||||||| 
target_5' AUGAGUACCAUAUCACAUUCC 
N 
Mtr.9313.1.S1_at XM_003620531.1 MTR_6g087170 
Tir-nbs-lrr 
resistance protein None 
miRNA_3'  GGAGCUCGGUCUGUUGUAAGG 
          |||..o||o||.|.||.|||| 
target_5' CCUAUGGCUAGUCUACUUUCC 
N 
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5.3.6 MIR166g over-expression does not alter nodule numbers in 
super-nodulating sunn4 or hyper-nodulating sickle mutants 
 
As over-expression of MIR166g affects genes involved in the AON, MIR166g was 
over-expressed in sunn4 and sickle mutants. sunn4 mutants are AON defective and 
sickle mutants are ethylene insensitive. If miR166g-5p operates within the AON it 
would be expected that MIR166g over-expression would not result in a significant 
change in nodule numbers in sunn4.  Analysis of nodule numbers in sunn4 mutant 
plants showed no significant difference between MIR166g over-expressing roots and 
those over-expressing an empty vector control (Figure 5.7 A). This result, in 
combination with the down-regulation of CLE12 and CLE13 may indicate that over-
expression of MIR166g disrupts the AON and that miR166g performs a role within this 
network. However, it was also the case that no significant difference in nodule number 
was observed in sickle mutants (Figure 5.6). The sickle and sunn4 phenotypes are the 
result of disruption to distinct nodule regulatory pathways. It may be the case that 
miR166g-5p operates within both or through a previously undescribed mechanism. 
        
 
Figure 5.7 MIR166g over-expression does not significantly affect nodule number in 
sunn4 or sickle mutants. MIR166g was over-expressed in the AON detective sunn4 mutant (A) and the ethylene insensitive sickle (B). Unlike in the M. truncatula wild type strain A17, no significant change in nodule number was observed. Error bars = SE     
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5.3.7 Discussion 
 
 
5.3.8 miR166g-5p is the dominant mature isoform processed from 
MIR166g 
 
 
The miRNA family miR165/166 is one the most conserved of all plant miRNAs. At the 
time of writing there were 152 21nt entries in the miRBase database matching the 
miR166 isoform sequence TCGGACCAGGCTTCATTCCCC across 27 species. In     
M. truncatula, one isoform with this sequence, miR166a has been shown to perform a 
role regulating nodule number and root development (Boualem et al., 2008).  This 
sequence maps to three hairpin pre-cursors: mtr-miR166a, mtr-miR166e and mtr- 
miR166g (mtr-miR166h has now been merged with miR166a). The MIR166g hairpin 
also contains the sequence GGAATGTTGTCTGGCTCGAGG (mtr-miR166g-5p). 
miRBase contains 12 entries matching this sequence in eight species. Ten of these 
sequences are contained on a hairpin pre-cursor with the mtr- miR166a, e, g sequence 
located on the opposite arm to form a canonical passenger/guide strand configuration. 
Of the other two, Zea maize (zma)-miR166a is annotated as 20nt and only varies in 
lacking the terminal 3' C of mtr-miR166a, e, g. while Brachypodium distachyon (bdi)-
miR166c also lacks the terminal 3' C and has a terminal 5' C. The numbers and 
identities of the mismatches between the 5p and 3p arms (3 MM, 2 GU pairing) are 
100% conserved on all twelve hairpins. This strong conservation of both sequences 
suggests a biological role for each. The fact that the miR166g-5p has, to date, only been 
located opposite the miR166g-3p sequence lends some plausibility to the idea that both 
are required for correct processing during miRNA biogenesis or to fulfil separate 
biological functions.  
Genomic mapping revealed miR166g-5p to be located at a single position (Chr8 52684) 
in M. truncatula. We previously deep sequenced the small RNA component of four 
tissue types (Eyles et al., 2013) (see Chap 3). In all tissues, miR166g-5p was expressed 
at higher levels than miR166a-g (3.2 – 7.4 fold). It also had higher read counts in all 
tissues than any other member of the 165/166 family. For read counts in any one tissue, 
the miR166g-5p sequence was exceeded only by miR159a and new isoform of miR172. 
139 
 
This abundance led us to speculate that miR166g-5p performs an important role in M. 
truncatula roots. We showed that transformants over expressing miR166g-5p in 
inoculated roots produce significantly more nodules than an empty vector control. 
5.3.9 miR166g-5p affects nodulation independently of miR166a,e,g 
 
We investigated the possibility that miR166g-5p may act as an antagonist to 
miR166a,e,g. We found no significant difference in miR166g-5p and miR166a,e,g 
levels in MIR166g over-expressing roots compared to the empty vector control. Nor 
were the targets of miR166a,e,g up-regulated as would be expected if its function was 
being affected by an increase in miR166g-5p expression. In addition to miR166a,e,g 
inhibiting nodulation it has also been shown to reduce lateral root number (Boualem et 
al., 2008), a phenotype we did not observe in miR166g-5p over-expressing plants. 
These observations led us to conclude that the increase in nodulation was unlikely to be 
a result of an antagonistic effect of miR166g-5p on miR166a,e,g.  
 
5.3.10 miR166g-5p may operate upstream of CLE genes to regulate the 
AON 
 
 RT-PCR analysis of nodulating roots expressing 35S:MIR166 showed the expression 
levels of several genes known to function within the nodulation pathway were 
significantly altered. Notable amongst these are cle12 and cle13 (P values: 0.020 and 
0.011 respectively). CLE has been suggested to induce the AON (See Figure 5.8).  
CLE13 is responsive to cytokinin and over-expression results in inhibition of nodulation 
(Mortier et al., 2010). sunn-4 mutants are defective in the AON pathway, possibly due 
to an inability to perceive a CLE13 activation signal (Mortier et al., 2012). Both 35S: 
GUS over-expressing and MIR166g over-expressing plants hyper-nodulated, however 
no significant difference in nodule number was observed between the two (data not 
shown). This suggests that MIR166g over-expressing may also be defective in the AON 
through down-regulation of an unknown target upstream of CLE13.  In MIR166g over-
expressing roots NIN was up-regulated (P = 0.049). CLE12 expression is NIN 
dependent (Mortier et al., 2010). (Saur et al., 2011) found CLE12 over-expression 
resulted in a reduction of NIN transcript and suggested a negative feedback loop acting 
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on NIN via CLE12 induction. The increase in NIN transcript in CLE repressed roots 
shown in our results supports this proposal See Figure 5.8 for possible .  
 
 
Figure 5.8 Model of M. truncatula nodulation pathway. miR166g-5p may increase nodulation through disruption of the AON. miR166g-5p over-expressing roots show deceased CLE12 and CLE13 transcription and increased NIN transcription. This suggests a negative feedback loop between the CLE genes and NIN, either directly or through activation of the AON. It is possible that mIR166g-5p operates upstream of CLE genes on an, as yet, unknown target. Image modified from Suzkaki et,al. (2013) Genetic basis of cytokinin and auxin functions during root nodule 
development. Front Plant Sci. 2013; 4: 42 
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5.3.11 Conclusion 
 
The abundance of miR166g-5p in the deep sequencing data suggests it performs a 
significant biological function. This may be as positive regulator of nodulation. The 
variation in expression levels observed in CLE12 and CLE13 indicate a function with 
the AON.  No transcript cleavage of miR166g targets could be confirmed. Validation of 
a miR166g target is crucial to understanding the function of miR166g and should be the 
focus of future study.  
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6  General Discussion  
 
6.1.1  Scope and major findings of this thesis 
 
The principle aim of this thesis was to discover miRNAs involved in root organogenesis 
through the generation and sequencing of a transcriptomic library consisting of the 
small RNA fraction of various tissue types.  Microarray analysis had previously been 
used to identify genes differentially expressed between RT and EZ and between RFC 
and NRFC (Holmes et al., 2008, Holmes et al., 2010).  Those studies found multiple 
transcription factors that were differentially expressed between meristematic and non-
meristematic root tissue. As transcription factors involved in development are known to 
be a major target group of miRNA the research presented in this thesis follows from and 
extends the scope of these previous studies.     
In this thesis, comparisons were between novel or conserved predicted miRNAs found 
in the root tip, containing the RAM, and the elongation zone, a region with minimal 
RAM or lateral root tissue. A further comparison was made between RFC and NFRC 
tissues. The callus tissues were harvested at a time point when mitotic cell division had 
only begun to appear but when, at a molecular level, RFC but not NRFC had already 
irreversibly committed to root formation. Transcriptomic comparison at this time point 
is designed to capture the molecular events distinguishing the junction between mitotic 
cell division occurring during callus formation and the events that encapsulate the 
cellular organisation required to produce the root meristem.   
Deep sequencing of the small RNA component of each of these tissues provided 
extensive data. Multiple selection criteria based on read count, differential expression 
profiles, conservation, folding ability and target selection produced a set of predicted 
miRNAs many of which are candidates as regulators of the M. truncatula root 
meristem. These findings are reported in Chapter 3 and summarised in Table 6.1  
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Table 6.1 Summary of the major findings reported in Chapter 3 
 
Chapter 3 Summary 
 • Deep sequencing identified 83 conserved mRNAs. 24 of these 
were new to M. truncatula 
 • Predicted 38 novel miRNAs 
• Identified 41 miRNAs differentially expressed (≥ 1.5 fold) 
between RT and EZ 
• Identified 37 miRNAs differentially expressed (≥ 1.5 fold) 
between RFC and NFRC 
• Identified 15 miRNAs highly differentially expressed (≥ 50 fold) 
between RFC and NFRC 
• Found miR172 to be highly expressed in roots and confirmed 
targeting of AP2 domain mRNAs in root tissue 
• Predicted novel miRNA miRN304 was confirmed using Taqman 
probes. Was also shown to target the HD-ZIP gene Mt-HB7 
• Identified conserved miRNAs, miR397 for the first time in M. 
truncatula. Target prediction suggests miR397, as in other 
species, targets a LACCASE-LIKE transcript 
• Target prediction suggests conservation of miR160/ARF10 and 
miR171/SCARECROW-LIKE miRNA/target relationship 
reported in other species 
• Conserved miR166g-5p, previously only reported as the 
passenger strand, had higher read counts than all other isoforms 
of miR166 suggesting it has a biological function 
 
  
The validity of this method was demonstrated through the functional analysis of two 
miRNAs not previously studied. In Chapter 4 a novel miRNA, miRN304, strongly 
expressed in NRFC but absent from meristematic tissue, was shown to have profound 
effects on root development. Over-expression of miRN304 blocks meristem formation 
in ‘hairy roots’. miRN304 was demonstrated to target Mt-HB7. Mt-HB7 is stress 
responsive and may also be a regulator of root development. Counter to expectations 
miRN304 over-expression resulted in up-regulation of Mt-HB7.  Like homologues in 
Arabidopsis, Mt-HB7 expression is highly responsive to ABA and mannitol treatments 
suggesting miRN304 over-expression may trigger a strong stress response in M. 
truncatula roots. The major findings of Chapter 4 are summarised in Table 6.2 
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Table 6.2 Summary of the major findings reported in Chapter 4 
 
Chapter 5 concentrates on functional analysis of miR166g-5p. This miRNA had 
amongst the highest read counts in the deep sequencing data. Although highly 
conserved, this sequence has only previously been annotated as a passenger strand and 
has not been the subject of functional analysis. Over-expression of the miR166g-5p 
precursor hairpin resulted in significantly higher nodule numbers in M. truncatula. 
Although miR166g-3p had previously been shown to negatively regulate nodule 
number, we show miR166g-5p is preferentially selected from pre-miRNA and is not 
antagonistic of miR166g-3p. Based on increased nodule number and significant 
variation in the expression levels of CLE12, CLE13 and NIN, genes involved in nodule 
auto regulation, is likely that miR166g-5p increases nodule number by indirectly 
Chapter 4  Summary 
 • Predicted novel miRNA, miRN304 produced an abnormal root 
phenotype when over-expressed 
• Generation of an observable phenotype from miRN304 over-
expression validates miRNA prediction pipeline presented in 
Chapter 3 
• miRN304 over-expressing roots produce hairy roots at a rate 7 fold 
less than control 
• miRN304 over-expressing roots show a complete loss of an apical 
meristem 
• miRN304 over-expressing roots show loss of zonation of the root 
tip. The elongation zone, meristematic region and root cap appear 
to consist of differentiated cells 
• miRN304 over-expressing roots produce ectopic root hairs over 
entire root tip 
• The vasculature of miRN304 over-expressing roots extends to the 
distal region of the root tip 
•  miRN304 over-expressing roots show abnormal vascular bundle 
formation, appear to lack phloem poles and have a reduced number 
of xylem cells 
• Transformation of miRN304 into GH3:GUS plants led to 
diminished expression of the auxin responsive promoter  
• 5ꞌ RACE confirmed cleavage of Mt-HB7 by miRN304 
Mt-HB7 transcript is up-regulated 3.4 fold in miRN304 over-
expressing roots 
• Meristem specific genes were not detected in miRN304 over-
expressing roots 
• Like homologues in Arabidopsis, Mt-HB7 is up-regulated in ABA 
or mannitol treated roots 
• miRN304 is not responsive to ABA or mannitol treatment 
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regulating genes involved the AON. The major findings of Chapter 4 are summarised in 
Table 6.3  
Table 6.3 Summary of major findings reported in Chapter 5 
 
Chapter 5                                                         Summary 
 • Over-expression of miR166g-5p, previously only reported as a 
passenger strand, increases nodule number in M. truncatula hairy 
roots 
• miR166g-5p does not antagonise and acts independently of 
miR166g-3p 
• miR166g-5p is up-regulated in nodulated roots 
• Genes involved in the nodule auto-regulation network, CLE12, 
CLE13 and NIN show altered transcription levels in miR166g-5p 
over-expressing plants 
• miR166g-5p is predicted to have multiple targets including a 
number potentially  involved in root organogenesis 
• No target cleavage by miR166g-5p was detected 
• miR166g-5p over-expression in the hyper nodulating mutants 
SUNN4 or SICKLE does not further increase nodule number  
 
 
6.1.2 Deep sequencing technology allows transcriptomic discovery of 
unprecedented depth 
 
State of the art deep sequencing technology was employed to collate and compare the 
small RNA component of four tissue types. Deep sequencing produced ~100 million 
individual reads. Data sets of this size, although presenting a significant analytical 
challenge to the researcher, provide the opportunity to predict, with unprecedented 
confidence, those sequences most likely to represent functional miRNAs. This is due to 
the fact the data can be subject to multiple bioinformatic filters and still retain 
significant depth (see Figure 3.2).  For example, as the majority of plant miRNAs 
discovered to date are 21 nt it was decided to restrict analysis to this set.  Although this 
removed 59% of total data, 1.5 million non-redundant 21 nt reads remained.  Further 
filtering by retaining only those 21 nt sequences with read counts ≥ 50 removed 99.9% 
of remaining sequences but left ~1000 sequences for further analysis.  Such rigid 
bioinformatic filtering was employed in order to minimise false positives. This 
approach allowed subsequent functional analysis to be performed with a high degree of 
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confidence that the miRNA being studied would perform a measurable biological 
function.  In Chapter 3, utilisation of this bioinformatic approach was used to report 121 
miRNAs. The fact that 68% of these are conserved shows the fidelity of the approach 
used. Of these conserved miRNA, 24 had not previously been in detected M .truncatula.  
This further illustrated the advantage of the bioinformatic pipeline employed in Chapter 
3 has compared to miRNA discovery methods previously used.  
 
6.1.3 Root tip specific miRNA in M. truncatula 
 
The development of root architecture is dependent on the correct balance between cell 
proliferation and differentiation.  To achieve this, the meristematic region of the root 
contains a stem cell niche that requires fine molecular tuning. The location, size and rate 
of division are controlled by a precise interaction of hormones, transcription factors and 
peptides (reviewed in (Sozzani and Iyer-Pascuzzi, 2014). The significant role that small 
RNA, particularly miRNA, play in plant development has emerged over the last decade 
or so. However, despite the strong involvement miRNAs have in development, little is 
known about their role in root meristem formation and maintenance, particularly in M. 
truncatula. Deep sequencing of the small RNA component of the root tip and 
elongation zone tissue offered an opportunity to perform a direct comparison of miRNA 
expression between meristem and non-meristematic tissue. 
Deep sequencing data was analysed as described in Section 3.6.  Even though analysis 
was restricted to sequences that had read counts of ≥ 50 in anyone tissue, 121 conserved 
miRNAs were found. Of particular interest amongst these were those that showed 
significant expression bias towards root meristematic tissue.  Amongst these, isoforms 
of miR171 and miR167 were found to be up regulated in the RT compared to the EZ. 
These are significant findings as miR171 regulates proliferation of meristematic cells by 
targeting members of the SCARECROW-LIKE family of transcription factors in other 
species (Curaba et al., 2013). The conservation of the miR171 SCARECROW-LIKE 
target region is a strong indicator that miR171 also performs a role in meristem 
regulation in M. truncatula. Several isoforms of miR159, both conserved and novel in 
M truncatula were identified, each was expressed higher in the RT compared to the 
elongation zone. miR159 is known to have roles in seed development and vegetative 
growth through targeting of MYB transcription factors (Reyes and Chua, 2007, Alonso-
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Peral et al., 2010).  The role of miR159 in root development is unknown. However, the 
abundance and differential expression shown here suggests that miR159 may be an 
important regulator of root growth in M. truncatula. miR172 and miR156 also showed 
strong expression in RT and in other species, are known to target AP2 and SBP/SPL 
transcription factors respectively. miR172 and miR156 operate within the same 
developmental pathway and have been shown to be involved in vegetative phase change 
(Lauter et al., 2005, Aukerman and Sakai, 2003, Xing et al., 2010). From these results 
miR171, miR167, miR172, miR156 and miR159 show a strong likelihood of having 
involvement in root growth and should be considered as the strongest candidates for 
further study.  
6.1.4 Differential Expression between RFC and NRFC 
 
The degree of differential miRNA expression between RFC and NRFC was markedly 
higher than in the RT and EZ comparison. No miRNA was found to be differentially 
expressed over fivefold between RT and EZ. In contrast, 14 miRNA were differentially 
expressed >50 fold between RFC and NRFC. A notable result from this analysis was the 
68 fold up-regulation of miR172 in RFC. It was noted that miR172 was also up-
regulated in RT and this result further suggests it has a role in the root meristem. The 
miR172 family is highly conserved. An isoform miR172 has been shown to target AP2 
domain transcription factors involved in vegetative phase change. A second isoform of 
miR172 was very strongly expressed in RT (read count > 1.2K).  To our knowledge, no 
role has been found for miR172 in roots to date. The differential expression pattern 
reported in both tissue comparisons further marks miR172 as a strong candidate for 
future study. 
6.1.5 miRNAs target differentially expressed meristematic genes 
 
A major motivation for this research was to discover miRNAs that may target genes 
previously shown to be differentially expressed in meristematic tissue. Of particular 
interest were genes known to be contributors to meristem formation and maintenance. 
These included WOX5, PLETHORA1, 2 and 4, SCARECROW and SHORTROOT.  
We were unable to find miRNAs in our final data set which were predicted to target 
these genes. Other differentially expressed genes, however, were found to be amongst 
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the targets of many differentially expressed miRNAs (Table 3.6). miR396 featured 
prominently amongst these and was predicted to target multiple transcription factors 
including GRF1 and MYC1, a regulator of flavonoid biosynthesis (Hichri et al., 2010) .   
 
6.1.6 The roles of miRNA in stress and development are over-lapping 
 
The development of a plants root system is highly plastic, being dependent largely on 
environmental cues. Therefore, unlike in animals, the goal of development is not only to 
reach a mature form but to continually respond to the changing environmental 
conditions. In this sense, root development is akin to animal survival patterns whereby 
availability of resources and response to biotic and abiotic pressures determine 
behaviour. In plants, these traits are intrinsically linked whereby development in 
response to environmental cues is a survival mechanism in itself. For this reason 
development of the plant root system must be coupled to environmental stress 
responses. Not un-expectantly therefore many miRNA have been identified that perform 
a role in both. Deep sequencing showed that differential expression of miRNA was 
substantially higher between callus tissues than it was between RT and EZ zone. The 
difference in treatments of RFC and NRFC was solely the addition of the synthetic 
cytokinin, BAP. Cytokinin plays multiple roles in plants. It is involved in LR formation 
by directing auxin transport through altering PIN protein polarity (Werner et al., 2010) 
and is also a key inducer of stress related genes. Therefore, the differential expression 
seen between explant samples, with and without cytokinin treatment, may not only be 
linked to cells in different developmental states but also be a result of induction of stress 
responsive pathways. For example, three different isoforms of miR319 were up-
regulated in NRFC compared to RFC and isoform miR319c,d was 146 fold higher in 
NRFC.  miR319 has been implicated in multiple stress responses including salinity, 
drought and cold (Gu et al., 2010, Yang et al., 2013, Zhou et al., 2010).  It is also a  
developmental regulator and targets Growth-Regulating Factor (GRF) transcription 
factors resulting in  repression of cell proliferation (Schommer et al., 2014).  Amongst 
the other miRNAs found to have the high differential expression in NRFC compared to 
RFC, miR408, miR399 and miR397 were strongly up-regulated in NFRC. All of these 
have been shown to be responsive to different abiotic stresses (drought, phosphate 
starvation and copper starvation respectively) (Schommer et al., 2014, Chiou et al., 
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2006, Abdel-Ghany and Pilon, 2008b). Therefore it can’t be ruled out that the up-
regulation of a proportion of miRNAs in NRFC was a stress response induced by high 
levels of cytokinin and is not directly representative of a difference between 
meristematic and non-meristematic tissue.  Similarly, the novel miRNA investigated in 
Chapter 4, miRN304 was highly expressed in NRFC compared to all other tissues. 
miRN304 over-expressing resulted in a complete loss of meristem development. 
However, it is not clear if the role of miRN304 is to prevent meristem formation in the 
normal course of development, perhaps linked to spatial or temporal cues, or if it is 
stress responsive.  
 
6.1.7 Future Directions 
 
During the course of this research, many of the widely accepted tenets surrounding the 
mechanisms of plant miRNA mediated gene regulation have been reappraised. Notable 
amongst these is the view that plant miRNA almost exclusively regulate their targets 
through transcript cleavage. This prevailing view meant that miRNA/target interaction 
could be relatively easily confirmed through modified 5ꞌ RACE assays. It is generally 
accepted today that translational attenuation by plant miRNAs is widespread. However, 
the mechanism whereby translational repression occurs in plants is yet to be found and 
no technique has yet to be developed that can positively show direct binding of miRNA 
to its target mRNA. When targets are regulated without cleavage, detection of 
miRNA/target interaction by 5ꞌ RACE is not possible and retention of uncleaved and 
untranslated transcripts in the cell may also distort evidence of target down-regulation 
through RT-PCR. Therefore, in the absence of a cleavage product, confirmation of 
down-regulation of a target is restricted to proteomic studies which are relatively time 
consuming and expensive. Ideally, detection of translational attenuation should be 
coupled to deep sequencing studies in the same way as Taqman probes and 5ꞌ RACE, 
perhaps from examination of miRNA/target pairing after AGO immune-precipitation. 
Although the depth of sequencing now available enables a highly stringent predictive 
process, bioinformatic analysis is only ever predictive. Therefore, direct evidence of 
miRNA/target pairing, although not necessarily demonstrating a biologically significant 
relationship, would add a level of predictive confidence not currently available.  This 
situation was encountered with functional analysis of miR166g-5p. Over-expression of 
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miR166g-5p resulted in a clear phenotype and it was shown that it acts independently of 
miR166g-3p. However, despite the cleavage products of nine predicted targets being 
tested for none were positively identified. This means that the mode of action of 
miR166g-5p cannot be directly placed into the nodulation pathway.   Hairy root 
transformation produces chimeric transgenic roots. While this is a useful system for 
relatively fast phenotypic screening, full functional analysis of miRNA ideally requires 
stable transformation and the generation of double or triple mutants. Some of the 
miRNA and targets presented here may prove to be suitable for functional analysis in 
Arabidopsis where superior tools, such as an extensive range of mutants already exist. 
Where this is not possible and in the absence of improved molecular tools, thorough 
miRNA/target functional analysis in M. truncatula will be a long term endeavour. 
However, the research presented here and in the previous the microarray work by 
Holmes et al has produced a wide ranging and solid platform for future studies. 
   
6.1.8 Conclusions 
 
This thesis set out to elucidate the miRNA environment of the M. truncatula root 
meristem. Deep sequencing and bioinformatic analysis revealed multiple highly 
conserved miRNAs with strong and/or differential expression patterns within and 
between meristematic and non-meristematic tissues. Many of these have described 
functions in other species where they are chiefly involved in developmental and stress 
related functions. Conserved miRNAs not previously found in M .truncatula were 
identified. From expression patterns, target prediction and homologue function it was 
found that many of these are strong candidates for regulators of root growth. The main 
strength of this thesis is the depth of sequencing employed. This enabled a high degree 
of fidelity in miRNA prediction as sequential filtering removed all but a small fraction 
from the data set. This fidelity was demonstrated through the successful functional 
analysis of two previously unstudied miRNA, miRN304 and miR166g-5p. It was 
demonstrated that over-expression of the each of these hairpin precursors was sufficient 
to produce measurable phenotypes. The exact mode of action of each of these, however, 
remains unclear. miRNA biogenesis and target regulation is highly dynamic and relies 
on multicomponent processing by various members of the DICER-LIKE and 
ARGONAUT family of proteins. Nor are the mechanisms of mRNA down-regulation, 
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either by cleavage or translational attenuation fully understood. For these reasons the 
placing of any given miRNA, with confidence, into a genetic pathway is a challenging 
and time consuming task. We are confident however, that further study of miRN304 and 
miR166g-5p will show both to have important roles in M. truncatula root 
organogenesis. Furthermore this study has identified several strong candidates for future 
studies of miRNA involved in root architecture, and that these studies will be essential 
in completing the genetic framework required for meristem formation and function.          
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